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           Abstract 
Mechanism of Transcription Arrest By The Nun Protein of Bacteriophage HK022  
Christal Lourdes Vitiello 
 
 Transcription elongation is universally subject to regulatory factors that alter the rate and 
processivity of gene expression (Roberts et al, 2008). Escherichia coli RNA polymerase (RNAP) 
and its auxiliary transcription factors have long been studied as a model for understanding 
regulation of elongation, but biochemical insights into some of these mechanisms still must be 
elucidated.  
 In this study I explored the mechanism of transcription modification by the Nun protein of 
phage HK022. I demonstrated that Nun is novel in its ability to both activate and arrest 
transcription by the same mechanism of inhibiting lateral movement of RNAP on DNA template. I 
provided evidence that Nun targets the upstream end of the transcription bubble to stabilize the 
translocation state of RNAP, and that intrinsic translocation bias of RNAP directly influences 
whether Nun activates or arrests transcription. 
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RNA Polymerase Elongation and Nun Transcription Arrest 
Part I: RNA Polymerase 
 
RNA Polymerase Topology 
 The 378 kDa RNA polymerase (RNAP) core enzyme, composed of subunits α2, β, β’ and 
ω, possesses the core catalytic activities necessary for transcription elongation, and requires one 
of seven known σ factors for promoter recognition and initiation (Vassylev et al, 2002; Zhang et 
al, 1998). Though the vast majority of the 285 known transcription factors in E.coli regulate at the 
level of initiation (Roberts et al, 2008), increasing evidence has implicated transcription elongation 
as the regulatory target controlling expression of many genes. Inhibitors of transcription 
elongation have been utilized as effective antibiotics against a range of bacterial infections 
(Artsimovitch and Vassylev, 2006).  
 Upon synthesis of 13-15 nt of RNA, subsequent promoter escape and dissociation of σ 
factor, a stable transcription elongation complex (TEC) is formed (Kapanidis et al, 2006). 
Additionally, RNAP protects an additional 4-6 nt RNA in its single stranded RNA binding channel 
(Korzheva et al, 2000) . A RNA-DNA hybrid 8- to 9- nt in length is essential for TEC stability 
(Kireeva et al, 20001). 
 The core RNAP enzyme forms a crabclaw like structure, with the two largest subunits, β 
and β’, forming a ∼27 Å primary channel, also called the main channel (reviewed in Borukhov and 
Nudler, 2008). The entire DNA footprint of RNAP is 30 to 34-nt in length. RNAP protects 6-7 nt 
dsDNA upstream and 10-16 nt downstream, as well as the ssDNA in the transcription bubble 
(Komissarova and Kashlev, 1998). The largest RNAP subunit, β’, is critical for substrate selection 
and active site dynamics. The Trigger Loop (TL, β′1236–1254), connecting two α-helices known 
as the Trigger Helices (TH, β′1221–1265) and Bridge Helix (BH, β′1066–1103), together form a 
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three-helix bundle to impact translocation state of RNAP. Specifically, the BH interactions with the 
RNA-DNA hybrid are influenced by TL-TH closing upon substrate rNTP binding. This is turn leads 
to a bending in bridge helix, which promotes forward translocation: bending of BH against the 
RNA/DNA hybrid induces RNAP forward movement and vacates the active site for the next NTP 
loading (Vassylev et al, 2007; Erie and Kennedy, 2009). 
 The Bridge Helix, along with a structure in the β subunit known as fork loop 
2, delineate the front edge of the RNA-DNA hybrid, and promote strand separation. The upstream 
end of the RNA-DNA hybrid is defined by two loops in the β’ subunit:  ‘rudder’ (β ‘9582–602) and 
‘lid’ (β ‘9525–539) (figure 1). Stacking of the lid on the -9 and -10 bases of RNA facilitates strand 
separation while simultaneously stabilizing the upstream base pair. This structure is flexible and 
could potentially accommodate the 8-bp or 10-bp RNA/DNA hybrids. The lid may thus serve as 
an important regulatory element in stabilizing various non-standard hybrid configurations that 
form during pausing, backtracking or termination (Vassylev et al, 2007). Deletion of the lid 
appears to be dispensible for all such functions on dsDNA, however. On ssDNA template, 
however, Δlid RNAP synthesized long, persistent RNA:DNA hybrids, thus emphasizing its 
importance in regulating RNA-DNA hybrid length (Toulokhonov and Landick, 2007). The rudder 
interacts with the upstream edge of the RNA/ DNA hybrid (registers -7/-8) and may contribute to 
TEC stability (Erie and Kennedy, 2009). Out data suggest that Nun interacts with one or both of 
these structures. 
 The downstream DNA enters the main channel and makes extensive contacts with the 
pincer. The non-template DNA passes on one side of β fork loop 2 in and exits to the outer 
surface of the enzyme, while the template DNA passes on the other side and continues across 
the bridge helix and into the catalytic site. At this point, the template DNA makes a ∼90° turn into 
the active site and forms a RNA–DNA hybrid with the nascent RNA chain. The RNA–DNA hybrid 
continues for 8- to 9- nucleotides before it is separated by the lid, which marks the upstream edge 
of the transcription bubble. The RNA passes the lid, and is extruded through the RNA exit 
channel, making contact with the β flap. The template DNA continues on and re-anneals with the 
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non-template DNA at the zipper. Mutations in these RNAP structural elements result in aberrant 
RNAP function (reviewed in Erie and Kennedy, 2009).  
 Fork loop 2 of β facilitates strand separation and prevents re-annealing of DNA strands to 
maintain the downstream edge of the transcription bubble (Naji et al, 2006), as well as rNTP 
sequestration (Kireeva et al, 2011). Once RNA is synthesized, it is extruded through a region 
known as the RNA exit channel, which can contain 4-6 nt of RNA before transcript begins to 
extrude from the enzyme (Vassylev et al, 2007). 
 The composition of the hybrid binding site and upstream DNA binding channel are of 
paramount interest to this study. The hybrid itself is flanked by Mg2+ at the downstream edge and 
β’ lid, rudder, zipper, as well as the β flap at the upstream end (Vassylev et al, 2007).   
 The β’ lid acts redundantly with non-template DNA to displace the 5’ end of newly 
synthesized RNA and allow DNA strand reannealing.  In the absence of this structure 
(Toulokhonov et al, 2006). RNAP will elongate 20-nt and then arrest due to formation of an 
extended RNA-DNA hybrid, which reduces overall TEC stability (1 Kireeva et al, 2000).  
 Nucleotide Addition Cycle  
Transcription occurs via a series of discrete, tandem steps known as the nucleotide addition 
cycle (NAC) (Landick, 2006). The NAC is composed of 5 distinct events: 1) rNTP is bound to 
RNAP 2) RNAP isomerizes to properly align rNTP in the active center relative to the 3’ OH for 
catalysis 3) a phosphodiester bond is formed 4) a pyrophosphate byproduct is released 5) The 
RNA-DNA assemblage is rearranged to move RNAP forward on the DNA register, a process 
known as translocation. Here I shall discuss each step in some detail, with emphasis placed on 
the last step, translocation.  
 rNTP enters into the RNA polymerase active center to a region known as the insertion (i 
+1) site, where it can then bond with the RNA 3’ (i site). The active center itself, a structure 
comprised of β and β’ domains, feaures three aspartic acid residues that together coordinate a 
Mg2+ molecule (Mg2+-I) which stabilizes the α-phosphate of incoming rNTP to allow nucleophilic 
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attack from the 3’-OH of the nascent  transcript (Sosunov et al, 2003). A second Mg2+ molecule 
(Mg2+ II), which enters with the rNTP substrate, retains its pyrphosphate (Cramer et al 2001). 
 Both i and i+1 sites are buried within the enzyme, thereby raising the question of how 
rNTPs enter . Two distinct points of entry for substrate nucleotides have been sugested: the 
secondary channel and the main channel (reviewed in Kireeva et al, 2010).  
 Regardless of the mode of entry, upon addition of rNTP to the i+1 site and subsequent 
bond formation, the new 3’ end of RNA will temporarily occlude the i+1 site. This temporary 
occupation of the RNA 3’ that occurs before DNA translocation (pre-translocated state) renders it 
susceptible to cleavage by exogenous pyrophosphate and inhibits further catalysis by occluding 
access of the next incoming rNTP. It is only after RNAP has stepped forward by a single base 
(post-translocated state)  that it becomes both pyrophosphate resistant and catalytically 
competent.  An additional translocation state can exist for RNAP, called backtracking. 
Backtracking, or reverse translocation, occurs when RNAP encounters a roadblock (Toulme et, 
2005), DNA damage or misincorporation (Voliotis et al, 2012) or when the upstream hybrid is 
more thermodynamically favorable than the downstream (Perdue et al, 2010). In a stably 
backtracked state, the 3’ end of the transcript is displaced from the active center (Komissarova  
and Kashlev1 ,1997). Bactracked RNAP is both pyrophosphate resistant and unable to form the 
next bond (Komissarova  and Kashlev2 ,1997). When backtracking is irreversible, transcription 
elongation cannot resume in the absence of host Gre factors (Toulme et al 2000, Laptenko et al, 
2003), which will be discussed below.  
Models of DNA Translocation 
 Several mechanisms of translocation have been proposed (reviewed in Kireeva et al, 
2010).  The power stroke mechanism suggests that translocation requires energy generated from 
catalysis and subsequent release of pyrophosphate. Though this model may apply partially to 
single subunit enzymes such as T7 RNAP (Yu and Oster, 2012), structural and biochemical 
evidence do not support this model for multi-subunit RNA polymerase for several reasons. The 
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power stroke model cannot, for example, explain reverse translocation, either via backtracking or 
processive pyrophosphorolysis (Kireeva et al, 2010).  
 The NTP-driven translocation model suggests that binding of downstream 
complementary rNTPs promotes translocation, possibly by inducing an allosteric change in the 
enzyme (Holmes and Erie, 2003; Nedialkov et al, 2003). This model emphasizes the rate limiting 
step as release of pyrophosphate. Evidence to support this comes from the fact that the rate of 
pyrophosphate release increases 200-fold in presence of next (i.e. i+2) rNTP (Johnson et al 
2008). This observation suggests that NTP can bind the pre-translocated state of RNAP, before 
pyrophosphate is released from the active center, to promote completion of the previous bond 
cycle. 
 The Brownian ratchet model suggests that, upon bond formation and subsequent 
pyrophosphate release, RNAP is subject to thermal fluctuations that spontaneously drive it from  
a pre- to a post- translocated state (Bar-Nahum et al, 2005; Guo et al 2006). The equilibrium 
between the two states is established before the next rNTP can be bound, and the bias towards 
one state or another is unique at each site. Binding of the next cognate rNTP stabilizes the post-
translocated state and impedes further “racheting” back to a pre-translocated state. In agreement 
with this model, binding of the correct cognate rNTP biases RNAP towards to post-translocated 
state (Kireeva and Kashlev, 2009; Bar-Nahum et al, 2005), while retention of pyrophosphate or 
pyrophosphate analogues biases T7 RNAP to the pre-translocated state (Guo et al, 2006). 
Factors Affecting Elongation: GreA/GreB  
 Stably backtracked RNAP is arrested and cannot resume elongation unless the displaced 
3’ end of RNA is cleaved and a new 3’ –OH group is generated in the active center (Laptenko et 
al, 2003; Toulme et al, 2000). The hydrolysis that must occur for this endonucleolytic cleavage 
event is a SN2 -nuceleophilic attack initiated by coordination of  two magnesium molecules 
(Sosunov et al, 2003). The active site magnesium I (Mg+-I)  provides one such molecule, but 
since there is no incoming rNTP ( and thus no Mg+-II) in the backtracked complex, the second 
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magnesium must be provided by another source (Cramer et al, 2001). GreA and GreB proteins 
bind RNAP through the secondary chanel and insert their C-terminal domain into the active 
center, providing two carboxylate residues to coordinate this second magnesium molecule 
(Opalka et al, 2003; Vassyleva et al, 2007).  
Factors Affecting Elongation: NusG  
 NusG, the bacterial homolog of eukaryotic Spt5, is an transcription elongation factor (for 
a review, see Werner, 2012). NusG accelerates RNA synthesis (Burova et al, 1995; Mooney et al, 
2009), promotes Rho-dependent termination (Pasman and Von Hippel, 2000), and couples 
transcription to translation ( 1 Burmann et al, 2010). NusG-induced acceleration of trancription 
elongation may be due to promotion of forward translocation (Herbert et al, 2010). Though 
B.subtillis and T. thermophilus NusG have recently been shown to promote pausing (Yakhnin et 
al, 2008; Sevostyanova and Artsimovitch, 2010). This thesis presents the first evidence of  E.coli 
NusG acting as an inhibitor of transcription.  
Part II: Nun 
Discovery, Initial Observations and Biological Characteristics 
   Nun was discovered serendipitously: E.coli lysogens of HK022 phage specifically exclude 
λ and the hybrid immunity phage λ434, but fail to exclude λ21, λ22, and ϕ80 (Dhillon & Dhillon, 
1976, Robert et al 1987). λ434 carries the nut regions for λ, whereas the latter phage do not, 
suggesting that Nun acted on this specific DNA or RNA sequence. 
 RNA nut sequences are recognized by temperate coliphage antiterminator N proteins to 
facilitate readthrough of both intrinsic and factor-dependent (i.e. Rho-dependent) terminators 
(reviewed in Santangelo and Artsimovich, 2011 and Nudler and Gottesman, 2002). Each 
coliphage encodes a slightly different nut sequence, which is generally recognized only by its 
cognate N antiterminator protein. The well- studied exception to this rule is phage HK022 itself, 
which antiterminates in a protein factor-independent manner via transcription modification 
induced by the phage put RNA sequences (Oberto et al, 1993; King et al, 1996).  
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     Primary sequence analysis suggested that Nun had an RNA-binding arginine rich motif (ARM), 
similar to λN (Oberto et al, 1989). The fact that Nun is necessary for λ exclusion but completely 
dispensible for HK022 lytic or lysogenic development (including put-mediated antitermination) 
suggests that the primary function of Nun is to confer resistance to a specific phage (Robert et al, 
1987).  
 Nun is located in the HK022 genome proximal to the strong, inducible HK022 pL 
promoter (King et al, 2000). However, in a lysogen Nun is transcribed from a weak, constitutive 
promoter, pNun. Intracellular Nun concentrations have been estimated (by immunoblotting with 
polyclonal antibodies) at 120-360 molecules per cell in a culture grown to 1X10 9 CFU/ml. Note 
that intracellular Nun levels increase 3-6 fold upon transition to log phase, the reason for which 
remains unclear (King et al, 2000). 
 The first studies of Nun demonstrated that it reduced both lac and gal gene expression 
when such reporters were placed downstream from the l nutL and nutR sites, respectively, and 
that Nun reduced mRNA expression downstream but not upstream from nut. Some alternatives to 
the “transcription factor” model of Nun action upon λ gene expression were ruled out: Sloan and 
Weisberg found that Nun reduced expression of an untranslated reporter (tRNA), without having 
an effect on the full length RNA’s intracellular transcript stability (Sloan and Weisberg, 1993).This 
indicated that Nun acts neither to simply block downstream translation in λ, nor does it recruit a 
endo-/exo nuclease to processively degrade λ transcripts.  
 tRNA full length transcripts were reduced by Nun as expected. In addition, shortened 
(presumably Nun-terminated) highly stable transcripts between 60-200 nucleotides long were 
detected (Sloan and Weisberg, 1993). The authors concluded that Nun remained associated with 
these transcripts, protecting the RNA from Rnase III and Rnase P cleavage. It was later shown 
that, in vitro, Nun remains associated with arrested transcripts (Washburn et al, 2003).  Nun 
termination occurs when the arrested RNAP is removed by the transcription coupled repair 
protein, MFD. MFD was originally identified as a factor that releases RNAP stalled at DNA 
lesions, and was later shown to restore backtracked RNAP to productive elongation (Selby and 
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Sancar, 1993; Park et al, 2002) MFD turns over Nun-arrested RNAP in vitro and can enhance λ 
exclusion in vivo (Washburn et al, 2003). 
 Though it is presumed that Nun has no biological role in HK022 other than λ exclusion at 
physiological concentrations, over-expression of the protein is toxic to E.coli and inhibits exit from 
stationary phase (Uc-Mass et al, 2008). Cellular microarray and protein level analysis under 
conditions of Nun over-expression revealed that, of the 450 genes differentially expressed during 
Nun overproduction, 12 targets that were more than 2-fold down regulated were controlled by 
cAMP receptor protein (CRP) (Uc-Mass et al, 2008). This led to the finding that Nun down-
regulates CRP production. Additionally, the authors found that excess Nun reduced indole 
synthesis nearly 6-fold. Over-expression of CRP and/or addition of indole to growth media 
partially rescued Nun toxicity.  It is important to note that Nun toxicity in this study was directly 
correlated to function: a NusA mutant that abolished Nun arrest also alleviated toxicity, as did a 
non-functional Nun point mutant (W108A). Though it remains unclear what the biological 
significance of these findings are, the authors did speculate that the differential gene expression 
patterns found may have consequences for HK022 phage gene expression (Uc-Mass et al, 
2008).  
Nut Interactions Part I: RNA binding  
 Nun and λN  have been compared in their affinity to BoxB, the RNA ligand in the λ nut 
sites (N Utilization Sites) (1Chattopadhyay et al, 1995). NutL resides upstream to the in N gene in 
the PL reading frame of λ, while nutR is just distal to the cro gene in the PR reading frame. Binding 
to the nut sites was assayed (via EMSA) with nutR boxB oligos bearing mutations at each 
individual RNA residue in the pentapurine loop (G1A2A3A4A5). These oligos were 53-nt in length, 
containing both BoxB and extraneous sequence.  Both λN and Nun were titrated separately (5-
200 nM) in the presence of a fixed amount of nutR boxB (10 nM). The estimated kD of Nun was 
47.5 nM in acetate buffer (pH 8), approximately 2-fold higher than that of N. Nun formed at least 
two species when bound to BoxB, and at Nun concentrations of > 5 :1,  four species appeared. A 
similar pattern can be seen for N, though the relative sizes of the Nun-boxB and N-boxB 
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complexes are distinct.  All substitutions at loop position G1 abolished Nun (as well as λ N) 
binding, as expected from the fact that mutating this base abolishes both termination by Nun and 
antitermination by N in vivo. While all substitutions at positions A4A5 had a negligible effect 
(including the A-G substitutions that distinguish nutR from nutL) on Nun binding, changes at A2A3 
showed a very interesting phenomenon: certain Nun-boxB species were diminished, while new 
species appeared. Whether this could be attributed to RNA oligomerization or Nun binding was 
not determined.  
 Figure 2 shows the λ nut sequences. For λN, pyrimidine substitutions at A3 eliminated 
binding, and caused in vivo defects in antitermination ( 2Chattopadhyay et al, 1995). It should be 
noted that, while mutations in A2 and A5 in the pentapurine loop had no effect on λN binding in 
vitro, such mutants did not support antitermination in vivo, suggesting other roles for these 
residues. Maintaining the integrity of the stem while altering its sequence led to decreased 
binding by both proteins. Such stem mutations reduced λN binding 3-fold, but diminished λN 
antitermination 15-fold in vivo. The authors speculated that the stem boxB mutants bound another 
factor (possibly NusA), that competed with λN for RNA binding. The other possibility was that 
mutating this residue prevents a specific boxB-λN interaction that in turn causes an allosteric 
change needed to make the protein antitermination-competent. The authors found that, while 
NusA facilitated the formation of an RNAP-N-boxB complex in vitro, it failed to stimulate this 
complex with mutant boxB.  
Nut interactions Part 2:  In vivo mutational analysis 
 Mutations that abolish, diminish or invert Nun activity in vivo in both wildtype and nus 
mutant E.coli strains have been selected. nutL-lacZ reporter fusions can tolerate boxA deletions 
without effecting Nun termination. nutL deletions removing boxA and part of the spacer region 
between boxA and boxB partially reduced Nun arrest (Baron and Weisberg, 1992). 
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 It should be noted that the same study found that a total nutL deletion not only abolished 
Nun arrest, but actually stimulated lacZ expression 5-fold.The authors speculated that nutL 
carries an intrinsic terminator or RNase recognition site.  
 The authors also identified point mutations that diminished specifically Nun and/or N 
activity in vivo, some of which were subsequently investigated in vitro. In contrast to nutL, 
mutations at nutR had a very complex effect on Nun activity:  Mutations of nutR boxA  (boxA5 
and boxA16) suppressed termination at tR1 in the presence of Nun, while having no effect on 
termination in the absence of Nun. Presumably these mutant sequences form a defective Nun 
termination complex that, though unable to RNAP, can compete with Rho binding to the pR 
transcript (Robledo et al, 1990). This claim is supported by the observation that host mutations 
inhibiting Nun termination (RNAP β’ mutants, nusA1, nusB5, and nusE71), as well as Nun CTD 
mutants and deletions also displayed an antitermination phenotype (Robledo et al, 1991; Kim et 
al,  2003). Note that such Nun mutants were defective in DNA binding and termination in vivo and 
in vitro but proficient in binding boxB RNA, thus potentially competing with Rho for RNA binding 
(Kim and Gottesman, 2004). Furthermore, Nun also impaired Rho termination on phage λ bearing 
either a boxA5 or a boxA16 mutation in addition to a nin deletion (i.e. deletion of downstream 
intrinsic and Rho-dependent terminators tR2 and tR3, >1 KB downstream of tR1) were 
completely dependent upon either Nun or N for lytic growth (Robledo et al, 1990). Nun 
suppression of termination was restricted to a terminator just distal to boxB: processive anti-
termination was not observed. Note that both mutations abolish NusB/E binding (Nodwell and 
Greenblatt, 1993); boxA5 also inhibits N activity. 
 Rnase III sites (rIII) are present downstream of nutL boxB at +71, +88, and +137 
(Washburn et al 2003 and references therein). This region is recognized by Nun. Overexpression 
of a wildtype pL transcript containing the rIII region partially titrates intracellular Nun, allowing λ to 
grow on a HK022 lysogen. Evidently, intracellular Nun is bound to excess exogenous nutL 
transcripts). Comparable expression of RNA carrying a +76-140 deletion (lacking rIII) does not 
titrate Nun unless MFD is deleted. Further evidence for Nun binding to the rIII region comes from 
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the finding that overexpression of Rnc70, which transiently binds but does not cleave the 76-140 
region, precludes Nun exclusion of λ. As expected, competition between Rnc70 and Nun 
depends on the rIII region. Finally, Rnc70 does not occlude boxB, since overexpression of an 
Rnc70 catallytically-dead mutant does not block λN antitermination (Washburn et al, 2003).  
Nun Sequence and Structure  
 Though the structure of the full length, 12.7 kDa, 109-amino acid, highly basic (pI= 9.1) 
protein has yet to be solved, an NMR structure of a Nun residues 20-44, which includes the ARM 
(25-36), is available (Faber et al, 2001).  
 This structure shows that upon binding the major groove of nutR boxB, Nun forms an α-
helix from residues 24-43,which is bent at Ala31 and Arg32. Ser24 and Arg28 make multiple 
contacts with the 5’ ascending arm of the stem. An important feature of the complex is a 
contiguous hydrophobic surface composed of residues Lys22, Ile30, Trp33, Ile37 and Lys41. This 
hydrophobic patch is unique to Nun, and lacking in the NMR structure of λN peptide-boxB (1-36) 
(Schärpf et al, 2000). The authors suggest that this surface acts as a host factor recognition site. 
This factor might be NusG, since nusG mutants have been isolated that diminish Nun, but not λ 
N, activity in vivo and in vitro (see below) (Sullivan and Gottesman, 1992; Mooney et al, 2009). 
Contacts between Nun residues Asn43 and Tyr39 lead to tight stacking of Tyr39 on nutR boxB 
base A7, which is in the pentapurine loop of the boxB stem-loop structure. This Is reminiscent of 
a similar observation in the λN structure: λN Trp18 makes a pivotal contact with A7. However, 
unlike λ N, which fails to bind or antiterminate in vivo and in vitro without this specific RNA 
contact, mutations of A7 have no effect on Nun termination in vivo or RNA binding in vitro (Baron 
and Weisberg, 1992;  1Chattopadhyay et al, 1995). 
  Interestingly, not only did the Nun Tyr39A mutant terminate as well as wild-type at both 
nutL and nutR, but a comprehensive alanine scan of the entire Nun ARM revealed that no single 
substitution in residues 25-43 was sufficient for abolishing Nun termination or λ exclusion 
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(Burmann et al, 2008). These results suggest the numerous contacts between Nun and its RNA 
ligand preclude a phenotype by a single mutational RNA change. 
 It should be noted the sequence homology between λ and HK022 genomes is only 
approximately 30%, which is comparable to the homology between λN and Nun (Juhula et al, 
2000). Hence, the sequence homology between these two proteins is not greater than that 
predicted by genomics.  
 Analysis of Nun/ λN chimeras showed that the CTD of each protein determined function 
(Henthorn and Friedman, 1996). Replacing the CTD of λN with the 19 C-terminal residues of Nun 
yielded a chimera that excluded phage λ. 
Nun Mutational Analysis: Role of the Nun CTD   
 Nun is unique among auxiliary transcription factors in its ability to simultaneously bind 
RNA, DNA and RNAP. Though RNA binding is presumably mediated by only the Arginine Rich 
Motif (ARM), DNA interaction, NusA binding, and RNAP binding are all affected by residues 
within the 13 C-terminal residues of the Nun protein (Watnick and Gottesman,1998; Watnick and 
Gotteman, 1999; Kim et al, 2006).  
 The first in vitro evidence that the Nun CTD is essential for transcription arrest came from 
a proteolyzed version of Nun, T-nun, deleted for residues Asn97-Ser109. T-Nun is generated 
after cell lysis, and fails to bind RNAP. The truncated Nun is completely defective in a minimal in 
vitro transcription arrest assay (Watnick and Gottesman,1999), but has higher binding affinity to 
boxB RNA than wildtype Nun, possibly because the CTD may fold back onto the ARM in an 
autoinhibitory manner (Watnick and Gottesman, 1999). NusA, on the other hand, is thought to 
enhance interaction with boxB by binding the Nun CTD, exposing the Nun ARM. Paradoxically, 
NusA in the absence of the other three Nus factors inhibits Nun arrest in vitro, presumably by 
occluding the Nun CTD (Hung and Gottesman,1995).  
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 To demonstrate the binding of the Nun CTD to NusA, a cysteine addition mutant (Nun 
C110) was constructed by site-directed mutagenesis and conjugated  to N-((2-pyridyldithio)ethyl ) 
-4 azidosacylamide (AET). AET was then labeled with I125, which was subsequently transferred to 
the target in the presence of a reducing agent (Watnick and Gottesman,1999). Furthermore, Nun, 
but not T-nun, was pulled-down with His(6) tagged NusA in Ni-NTA. This also explains why, unlike 
wildtype Nun, T-nun binding to boxB is not further facilitated by NusA (Watnick and Gottesman, 
1998). Wildtype Nun is unable to bind boxB in the presence of 5 µM ZnCl2. Inhibition  is alleviated 
by NusA. In contrast, T-Nun retains the ability to bind boxB even at 500 µM ZnCl2. This suggests 
that the Nun CTD coordinates ZnCl2. Perhaps ZnCl2, bound Nun is stabilized in an inactive form, 
with the Nun ARM  occluded by the CTD. 
 Three C-terminal histidine residues have been implicated in Zinc coordination (Watnick et 
al, 2000) . Alanine substitutions of all three of the putative metal -coordinating residues (H93, H98, 
and H100) were not only able to bind boxB in the presence of 5 µM ZnCl2, the mutants actually 
demonstrated greater affinity in a gel shift assay, even in the  absence of the cation.  
 Though substitutions in the Nun CTD of H93A, H98C, and H100A were similar to wildype 
for in vitro arrest, substitutions of  H98 to either alanine or serine abolished Nun function both in 
vivo and in vitro. NMR studies indicated that H98 may coordinate zinc (Watnick et al, 2000).  
 The Nun CTD lysine residues at 106 and 107 neutralize the negative charge of the DNA 
phosphate backbone, thus allowing interaction with DNA.  Substiution of these lysines with 
another basic residue, arginine, retains function both in vivo and in vitro.  Replacement of both 
lysines with a negatively charged residue, aspartic acid, reduced in vivo function as measured by 
β-galactosidase reporter inhibition in a pL-nutL-β gal transcription fusion (Kim and Gottesman, 
2004). The K106D/K107D mutant also failed to exclude λ growth.  
 Furthermore, double mutations at K106/107 also abolished in vitro Nun termination (Kim 
and Gottesman, 2004) . K106D/K107D will bind both RNA and RNAP, but will not crosslink DNA, 
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while K106R/K107R crosslinks DNA just as well as wildtype Nun. Whether or not K106D/K107D 
binds NusA remains unknown.  
 The penultimate residue of Nun, W108,  is essential for DNA binding. Thus, either an 
alanine or leucine substitution at 108 abolishes λ exclusion. Substiitutions with other aromatic 
residues, such as tyrosine and phenylalanine, function as wildtype in vivo (Watnick and 
Gottesman, 1999). This led to speculation that an aromatic was necessary at position 108 to 
allow base stacking within double-stranded DNA. Tryptophan, tyrosine phenylalanine and proline 
would thus all support base stacking. Furthermore Nun W108A does not crosslink DNA. 
 Nun interaction with DNA was detected approximately 8-bp downstream to the RNAP 
active site with an rNTP deprived elongation complex. DNA crosslinking was tested using N-
(1,10-phenanthroline-5-yl) iodacetamide (IOP) cleavage assays, in which IOP was conjugated to 
NunC110, and combined with CU2+ to form a covalent copper–phenanthroline that chemically 
cleaves DNA or RNA in the presence of hydrogen peroxide (Watnick and Gottesman, 1999). The 
location of the Nun/DNA crosslink suggests that Nun acts downstream to RNAP as a protein 
roadblock to elongation, perhaps by intercalating into template DNA. The results presented in this 
thesis shall discuss an alternative mechanism of Nun arrest, based upon Nun interacting 8- to 9- 
nt upstream to the RNA 3’ to inhibit lateral mobility of RNAP on template DNA.  
 Though W108A does not cross link with DNA, it does promote template switiching in vitro  
even at low template concentrations (5 nM), suggesting that a Nun W108A- bound RNAP fails to 
dissociate at the end of the template (Watnick et al, 2000).   
 Nun cannot arrest transcripton on single-stranded DNA (ssDNA). Wildtype Nun failed to 
arrest on a template with a 43-bp promoter region followed by 77-nt ssDNA, although it arrested 
on a fully double-stranded template with the same sequence (Watnick et al, 2000). This is 
consistent with the model that the penultimate aromatic intercalates into dsDNA helix, possibly in 
the minor groove, to base stack and promote arrest. In this thesis, we will show that Nun may act 
upon RNAP even in the absence of dsDNA to induce pausing, although not arrest. 
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  Taken together, the previous model suggests that the Nun CTD first binds RNAP and 
coordinates ZnCl2 in conjunction with the β’ cysteine zinc finger. This positions K106/K107 to 
neutralize the negative charge of the DNA backbone, and thus allow W108 to intercalate into 
dsDNA within the DNA binding site of RNAP. Nun thus acts as a “brake arm” to block RNA and/or 
DNA forward translocation through β’, acting as an inhibitor to a “sliding clamp”. This model 
suggests that Nun is a physical barrier to elongation, similar to well-studied roadblocks such as 
lac repressor and the catalytically inactive EcoR1-Q111 mutant. 
 Note that NusA binding of Nun is not incorporated into this model, nor is the simultaneous 
binding of ZnCl2-bound RNAP and boxB RNA. This thesis work re-examines the model outlined 
above and presents evidence for an alternative mechanism of Nun arrest which depends on 
upstream DNA and RNA interactions. 
Host factors and Nun Part I: Nus Factors 
NusA 
NusAE136K, a dominant-negative nusA mutant in the S1 RNA binding domain, abolishes Nun 
termination when assayed in a lacZ reporter strain with either a pR-nutR-LacZ  or the hybrid pL –
nutR-LacZ (the latter has the pL promoter, an intervening sequence with a +6 deletion, and the 
nutR spacer and boxB) (Kim et al, 2006). NusAE136K decreases Nun activity by only 10% with a 
nutL reporter fusion. Interestingly, a temperature sensitive nusA mutant, NusA ts11, compromised 
Nun efficacy at restrictive temperature much less severely than did the NusAE136K mutant, 
suggesting that while NusA may be dispensible for Nun arrest, the NusAE136K creates a non-
functional RNAP-Nun-NusA ternary complex (Kim et al, 2006).   
 Like wildtype NusA, NusAE136K inhibits Nun in vitro when added alone (Hung and 
Gottesman, 1995). However, unlike wildtype NusA, the mutant also inhibits Nun when added in 
conjunction with all the Nus factors, and is in fact dominant over wildtype in vitro as well (Kim et 
al, 2006). NusAE136K  also binds the Nun CTD via its Acid-Rich 1 domain AR1 domain,  and has 
a higher affinity to Nun than does wildtype NusA. The mutant fails to bind boxB alone; 
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presumably the NusA RNA-binding motif is still occluded by its C-terminal AR2 domain, just like 
wildtype. Nun can form a ternary complex with boxB and NusAE136K that cannot be detected 
with wildtype NusA, likely because of the enhanced affinity of the mutant to Nun. These findings 
lead to the model that NusA binds to the Nun CTD in a manner that is inhibitory to Nun, and thus 
must be removed by the other Nus factors or by binding to RNAP in order free the Nun CTD. 
Because NusAE136K cannot be removed from the Nun CTD, it persists in occluding Nun-RNAP 
and Nun-DNA interactions, and thus it is dominant over wildtype both in vivo and in vitro (Kim et 
al, 2006).  
 It should be noted that NusA from Salmonella typhimurium (NusA sal ) inhibits both Nun 
and λN in vivo (Robledo et al, 1991). The biochemical mechanism by which it does so has not 
been explored.  
 Genetic studies with NusAE136K were conducted with a HK022 lysogen. Nun 
overexpression from a high copy plasmid with a lac promoter readily overcomes NusA 
dependence (M. Gottesman, personal communication). Furthermore, a NusAΔAR1-2 strain 
supports Nun termination in vivo (M.Gottesman, personal communication). Many nuances of the 
NusA-Nun interaction remain to be clarified.  
NusG 
 As mentioned above, NusG promotes elongation, stimulates Rho dependent termination 
(Sullivan and Gottesman, 1992; Pasman and Von Hippel, 2000) , and acts as the molecular 
bridge between transcription and translation (1Burmann et al, 2010). NusG can be depleted from 
E.coli  provided the strain lacks the rac prophage (Cardinale et al, 2008). Either NusG depletion 
or deletion eliminate Nun function in vivo, pointing to the importance of a NusG-Nun interaction 
(Sullivan et al, 1992, Sullivan & Gottesman 1992).  
 Eight NusG point mutations, including nusG4, inhibit Nun. This  contrasts with λN, which 
requires NusG, but for which inhibitory point mutants of NusG have yet to be isolated (Burova et 
al, 1999). Of these Nun inhibitory mutants, three are located in the NusG NTD. The NTD, which is 
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toxic to E.coli upon overexpression, interacts with RNAP, possibly via the β’ clamp helices 
(Sevostyanova and Artsimovitch, 2010). 
 The NusG CTD interacts with Rho (Mooney et al 2008 and references therein).  Of the 
CTD mutations that inhibit Nun termination, 3 cluster within the NusG-Rho binding surface. 
Neither NusG  NTD nor CTD alone is sufficient to support Rho termination or N antitermination in 
vivo.  The NusG CTD mutant, F144Y, suppresses pausing and enhances and Rho-termination in 
vitro, yet fails to stimulate Nun in vitro when added in conjunction with the other Nus factors.  
NusG F144Y also inhibits Nun when added alone, just as wildtype NusG (Burova et al, 1999). 
This is reminiscent to the in vitro activity of NusAE136K.  
 NusB AND NusE (S10) 
 NusB, an 18 kDa RNA binding protein, that forms a heterodimer with the 14 kDa NusE 
(Nodwell and Greenblatt, 1993; Das et al, 2008; 2Burmann et al, 2010). The two proteins bind 
ribosomal RNA boxA to facilitate antitermination through rrn operons (Squires et al, 1993), as well 
as λ N mediated antitermination (Das and Wolska, 1984). NusB100  and NusE100 specifically 
inhibit Nun termination in vivo at nutR fusions (Robledo et al, 1991). Mutations that inhibit λ 
growth at 42 C, nusB5 and nusE71,  convert Nun into a Rho suppressor at tR1, like the boxA 
mutations described above (Robledo et al, 1991; Kim et al, 2003 ). The nusB101 mutation 
(Asp118Asn) is unusual: this dominant-negative mutant suppresses the N antitermination defects 
of NusA1 and NusE71 mutations at high temperature (Ward et al, 1983). Another study found that 
overexpression of NusE was sufficient to suppress λ antitermination defects in a NusB null strain, 
suggesting that NusE is the active component in this transcription-protein partnership (Luo et al, 
2008). 
 Unlike NusG or NusA, the NusB/E complex alone neither inhibits nor stimulates Nun 
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Host factors and Nun Part II: Nun and RNAP  
 Three mutations in RNAP that inhibit Nun in vivo have been isolated. rpoC100/101/102 
have been identified as β’ mutants D329G, D264G, and R322H, respectively (M. Cashel, 
personal communication). The three residues are clustered between the "rudder" and the "lid" 
elements ,and are highly conserved between E. coli and T. thermophilus, corresponding to 
residues D605, D539 and R598 in the latter, respectively. D264 and R322 form a putative salt-
bridge, disruption of which may be important for Nun-mediated termination (S. Borukov, personal 
communication). All of these β’ mutations inhibit Nun arrest at nutR, and convert Nun into a 
suppressor of tR1 (Kim et al, 2003), similar to the Nus and boxA mutations described above. 
None of the three mutants have any defects in elongation in vitro (L.Lubkowska, personal 
communication).  
 R322H (originally isolated as rpoC102) is particularly defective. R322H reduces Nun 
arrest 3-fold at nutL, and stimulates readthrough at tR1 in the absence of Nun, suggesting a 
defect in Rho termination (Robledo et al, 1991). This thesis reports the first study of the rpoC 
R322H mutant in vitro. 
 In vitro Nun transcription arrest in a promoter-based system 
 Nun can partially arrest transcription at pL-nutL at concentrations as low as 5 nM.  arrest 
efficiency plateaus 
at a Nun concentration of 150 nM.  Full arrest can be seen as early as 10 minutes post-
elongation,when full run-off has formed (Hung and Gottesman, 1995). 
 This thesis work describes a novel system to study in vitro transcription arrest based 
upon assembly of DNA/RNA scaffolds (Sidorenkov et al, 1998).  
 Nus factors allow Nun to arrest transcription at physiological rNTP levels (100 µM) in the 
promoter-based system, and decrease the concentration of Nun necessary for full arrest (20 nM 
as opposed to 100 nM). As mentioned above, NusA or NusG alone inhibit Nun activity in vitro, yet 
all 4 Nus factors added in concert stimulate Nun function at low (but not high) rNTP 
concentrations (2 µM) , increasing arrest from 71% to 81%.   
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 Addition of boxB ribo-oligonucleotide in vitro sequestered Nun and inhibited transcription 
arrest. Nus factors suppress inhibition by free boxB, presumably by increasing Nun affinity for 
transcription complexes.  Furthermore, Nus factors restored Nun termination when boxB mutant 
templates were used for transcription assays. The RNA oligo used in this study was 53-nt in 
length, the same oligo used in  binding affinity assays (1Chattopadhyay et al, 1995) 
 With a mutant template encoding boxB G55T (G55U in RNA), an interesting 
phenomenon was observed: At low concentrations of Nun (less than 10 nM), better termination 
could be seen on the wildtype template, however, at higher concentrations of Nun (> 20 nM) 
termination was significantly better on the mutant template. Deletion of boxB abolished Nun 
activity, regardless of the presence or absence of Nus factors (Hung and Gottesman, 1995). 
 Nus factors could not rescue Nun termination on a boxA16  
mutant template, and actually inhibited Nun on a boxA5 template (see  
figure 3). BoxA RNA is partially complementary to the 3’ descending arm of boxB RNA. It has 
been speculated that boxA and boxB form an alternative, inhibitory structure (D. Court, personal 
communication). It is possible that the inhibitory point mutations described may affect an 
alternative secondary structure.  
 Optimal conditions to assay Nun and λN in vitro transcription activity are different. 
Competition between Nun and λN were thus studied in separate systems. Under favorable 
conditions for λN, Nun begins to inhibit antitermination at tR’ at a 4:1 ratio of Nun:N. In the Nun 
arrest assay, competition by λN can be detected at a 1:1 ratio, as increased readthrough at Nun 
arrest sites (Hung and Gottesman, 1995). This study showed that Nun arrests transcription at or 
just distal to intrinsic pause sites. In a follow up study, an “interrupted elongation” strategy was 
employed to characterize a subset of these arrested complexes. Transcription was initiated from 
pL and stopped within 5 minutes by removing rNTPs. Under these conditions, the majority of TEC 
paused at +119, a strong intrinsic pause site in the nutL transcript. These TEC were subsequently 
elongated by addition of rNTP subsets and exposed to Nun.  Several Nun-arrested complexes 
between +122 and +127 were identified. Some of these arrest sites were not detected in an 
uninterrupted run-off assay (Hung and Gottesman,1997).  
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 The basic claims of this study were that 1) Nun can arrest any paused /stalled complex; 
2) Nun-arrested complexes had distinct  elongation properties and high sensitivity to 
pyrophosphate (PPi) and GreB; and 3) preincubation of Nun with RNAP prior to NTP addition was 
necessary for optimal arrest, suggesting that Nun can arrest any complex if provided sufficient 
dwell time.  Nun was thus said to arrest TEC in either the pretranslocated or the posttranslocated 
state, or a backtracked state (Hung and Gottesman, 1997). In this thesis we expand upon this 
suggestion and offer an mechanistic explanation for this effect.   
  If Nun arrests in the posttranslocated state, RNAP is locked with a vacant i+1 site, and is 
thus PPi resistant. This describes complex 122, which is totally insensitive to 10 µM PPi, but is 
able to add one, but only one, nucleotide in the presence of Nun. Note that +122, derived from 
paused complex +119, and is the only Nun arrested TEC observed in an uninterrupted run –off 
elongation assay. The paused complex at 119, which constitutes a strong RNAP pause site even 
in the absence of Nun, is anomolous. This site is not fully modified by Nun: it is able to 
incorporate 3 nucleotides (+122) and is cleaved three nucleotides by pyrophosphorylsis, even in 
the presence of Nun. If a pretranslocated complex is Nun-arrested, that TEC has its i+1 site filled, 
is unable to incorporate one nucleotide, and is ready to undergo pyrophosphorolysis, as is the 
+125 arrested complex. 
 Although Nun-arrested TEC is hyper-sensitive to PPi ony one nucleotide is removed. 
That nucleotide can be subsequently reincorporated. If Nun arrests a backtracked complex, it  will 
be sensitive to cleavage by GreB. This describes +126, which is GreB- sensitive, in the presence 
or absence of Nun (Hung and Gottesman, 1997). In this study we expand upon the exact 
relationship between RNA polymerase translocation state and Nun arrest.  
 The overall efficacy of Nun arrest on templates lacking certain intrinsic pause sites was 
subsequently investigated. In that study, Nun arrested with 50% efficiency on a template bearing 
substitutions at +114, 117, 122 and 125 (compared to 70% efficiency on wildtype template). 
Furthermore, arrest was shifted to loci distal to +125.  
 The effect of boxC and the overlapping rIII region was also explored. Nun in vitro arrest 
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was reduced to  by approximately 30% when a template bearing either inverted boxC was used 
(Washburn et al, 2006).  
 
	  





Figure 1A: Structure of Transcription Bubble and RNA-DNA hybrid 
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Figure 2: λ nut sequences 
DNA sequences for λ nutL and nutR are depicted. BoxA, BoxB, and BoxC are indicated by 
blue lines and red text. Stem region of BoxA is shown by arrows. Spacer between BoxA  




















Wt BoxA  CGCTCTTA 
BoxA5       CTCTCTTA 
 BoxA5      CGCTATTA 
 
Figure 3: λ nut BoxA Substitutions 
Wildype BoxA is depicted in top panel. Substitutions in BoxA than inhibit Nun are also 
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Chapter Two 
The Nun Protein of Bacteriophage HK022 Pauses, Arrests or Activates Transcription by 
Restricting Lateral Mobility of RNAP 
 
ABSTRACT  
The Nun protein of coliphage HK022 arrests RNA polymerase (RNAP) in vivo and in vitro at 
pause sites distal to phage λ nascent nut RNA. Here we dissect the mechanism of Nun action in 
vitro using transcription elongation complexes (TECs) assembled on the synthetic RNA/DNA 
scaffolds with sequences unrelated to λ. We find that Nun induces pausing, arrest or activation on 
this DNA template. The strength and site of pausing and/or arrest is directly related to the length 
and sequence context of RNA used in scaffold assembly. We show that substitutions at the site of 
arrest itself do not affect Nun arrest, but changes immediately before or after the arrest site do. 
Furthermore, sequences 2-nt or more upstream to the RNA 5’ end or downstream to the arrest 
site have no effect on Nun arrest. Our evidence suggests that Nun activity is affected by 
sequences at the 5’ end of the transcription bubble, and DNA toeprinting reveals a strong Nun-
dependent signal 5’ to RNAP. This specific Nun toeprint is only present in complexes where Nun 
activates or arrests transcription. Notably, the toeprint remains stationary upon limited RNA 
synthesis. RNAP mutations in domains that interact with RNA -8/-9 relative to the active center 
inhibit Nun arrest and interaction with the upstream end of TEC. We show that Nun activates 
catalysis and inhibits pyrophosphate sensitivity at a specific site, indicating that it stabilizes a 
post-translocation state. Our data indicate that Nun directly affects translocation state by inhibiting 
lateral mobility of RNAP along the DNA register.  
INTRODUCTION 
 Transcription elongation although highly processive, is frequently interrupted by pausing 
of RNAP between nucleotide addition cycles. Prerequisite to all other steps in RNA synthesis is 
translocation - the forward movement of RNAP on the DNA. This process vacates the RNAP 
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active center from the 3’ end of the RNA, making it accessible for binding of the next cognate 
NTP. Translocation has been assumed to be a stochastic, rapid and fully reversible process that 
is not rate-limiting for elongation. Instead, NTP sequestration, phosphodiester bond formation or 
pyrophosphate release, have been proposed to limit the rate of RNAP progression through the 
nucleotide addition cycle (NAC). 
 Due to its rapid reversibility, translocation has been very challenging to analyze in vitro. 
Translocation has been viewed as a 1-bp shift of the enzyme on DNA, which causes a 
rearrangement of the RNA-DNA assemblage and movement of the RNAP active site forward 
relative to both the DNA register and the transcript 3’ terminus. The result is a shift from a 
pyrophosphate-sensitive, catalytically inactive, pre-translocated state to a pyrophosphate-
resistant, catalytically active post-translocated state. Structural studies indicate that translocation 
is associated with shortening of the RNA-DNA hybrid in TEC from 9- to 8- base pairs with 
transference of an RNA base from the hybrid to the single-strand RNA-binding channel 
(Kettenberger et al, 2004).  
 Although several reports implicate hindered translocation in transcription pausing (Zhou 
et al, 2011; Shundrovsky et al, 2004), translocation events are not commonly associated with 
irreversible transcription arrest in E. coli. In this study we show that the Nun protein of coliphage 
HK022 affects translocation by restricting the lateral movement of RNAP on DNA. Phage HK022-
encoded Nun protein acts in vivo to arrest transcription of λ early transcripts, thus excluding λ 
growth in HK022 lysogens. The N-terminal arginine rich motif (ARM) of Nun binds the boxB RNA 
sequences within the nut regions of the λpL and λpR nascent transcripts. The Nun C-terminal 
domain (CTD) contacts RNAP and DNA. The interactions between Nun, the RNA nut sites and 
RNAP promote the formation of stalled transcription elongation complexes (TEC) at intrinsic 
pause sites promoter-distal to nut both in vivo and in vitro.  E. coli Nus factors are required for 
Nun activity in vivo and stimulate it in vitro. The Nun CTD is indispensible for transcription arrest. 
Substitution of the penultimate tryptophan (W108) to a non-aromatic abrogates Nun arrest. It has 
been speculated that Nun base-stacks into double-stranded DNA via this residue. Additionally, a 
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double substitution of two neighboring lysines (K106/K107) to alanines also renders Nun non-
functional. It is possible that K106/K107 facilitate interaction with template by electrostatic 
interactions with DNA phosphate groups, thereby assisting the putative base- stacking of W108. 
The precise mechanism by which Nun arrests transcription has yet to be definitively 
demonstrated.  
 Here we show that Nun efficiently pauses, arrests or activates RNAP depending upon the 
intrinsic translocation bias and catalytic properties of RNAP at that site. Specifically, at sites 
where forward translocation is disfavored and catalysis is slow, Nun arrests transcription; at sites 
where forward translocation is favored, Nun activates transcription. We determine the minimal 
RNA requirements for Nun action, and find that manipulating RNA complementarity and 
sequence context alters the pattern of Nun pausing and arrest. Our data indicate that Nun 
induced activation and arrest are affected by sequences within the upstream part of the hybrid. 
We find that Nun reduces pyrophosphate sensitivity of a site where it activates catalysis, 
indicating that it stabilizes a post-translocation state.  
Results 
 To determine the effect of Nun on transcription elongation under minimal conditions, we 
utilized an in vitro DNA scaffold assembly transcription system containing a template lacking λ 
DNA nut or promoter sequences (Sidorenkov et al, 1999) (figure 1A). In Figure 1B, we show Nun 
both pauses and arrests on a transcription elongation complex formed from a T7A1 derived 
template and a 9-mer RNA primer, 9G9 (TEC9G9) (figure 1B, lanes 3 and 4, respectively).  In this 
nomenclature, the first number in the primer indicates primer length, the letter indicates the 3’-end 
of the primer, and the subscript denotes the distance of the RNA 3’ to the template thymine 
labeled +1. During elongation of 9G9 primer, Nun transiently paused 50% of the transcription 
elongation complex (TEC) at the first nucleotide added (+10U) (1B, lane 3). Nun stably arrested 
~90% of the TEC 3 nt distal to the 3’ end of the primer, designated as +12C (1B, lane 4). 
Extending the length of the primer 2nt at the 3’ end (TEC11A11) did not change the site or 
efficiency of arrest (1B, lane 7); arrest still occurred at +12C with 90% efficiency. This result is 
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consistent with at least two explanations: either the sequence at the +12 site is favorable to Nun 
arrest or Nun will only arrest when the transcript is elongated to 12-nt. We return to this point 
below.   
We next asked if the length of the RNA-DNA hybrid affected the efficiency of Nun arrest 
at +12. We tested three TECs, TEC7A11, TEC8A11, and TEC11A11 mismatch. All three RNAs 
have the same 3’ end, but the third carries a 3nt 5’ mismatch (UAG instead of AUC). These RNAs 
form TECs with RNA-DNA hybrids of 7-nt, 8-nt and 8-nt, respectively, and can all be efficiently 
elongated by RNAP (figure 2A, lanes 2, 6 and 10). The data, shown in figure 2A, lanes 4, 8 and 
12, show clearly that Nun will not robustly arrest transcription at +12 if the hybrid is 8-nt or less. 
Note that TEC11A11 mismmatch, although it carries RNA of the same length as TEC11A11 (figure 
1), is not a substrate for Nun arrest at +12. Comparing the TECS, we see that TEC7A11 was 
entirely Nun-resistant, whereas TEC8A11 and TEC8A11mismmatch showed pausing at +12, 
followed by weak arrest at  +13 and +14 (Figure 2 lanes 3 & 4, 7 & 8 and 11 & 12). 
     To determine if the location of the 9-nt complementary RNA affected Nun arrest, we 
constructed TEC9U10, TEC9A11 and TEC9C12. All form a 9-nt RNA-DNA hybrid, but the location 
of the 3’ end differs, placing the start of transcription at the +10U, +11A and +12C sites, 
respectively. The results (figure 2B) show that TECs with 9-nt complementary RNA with a 3’ end 
at  +10 or +11 were efficiently arrested by Nun at +12. In contrast, TEC9C12 was a poor Nun 
substrate: Only 5% of TEC9C12 arrested at +12C, and an additional 15% was arrested at +14C. 
This indicates that the location of the 9-nt hybrid is critical for arrest, and that starting transcription 
at the major arrest site inhibits Nun activity. This result made us question whether transcript must 
be elongated at least 1-nt in the presence of Nun into the +12 position for Nun arrest at +12. 
However, as figure 4B shows, this was not the case. In contrast to TEC9C12, Nun arrest of pre-
formed TEC12C12 was highly efficient: Nun halted 90% of RNAP at +12 (figure 4B, lanes 3 and 
4). The results of these experiments are summarized in figure 2C. 
 At this point we cannot say whether the sequence identity of the arrest site plays any role 
in Nun arrest. We asked whether substitution at or surrounding the arrest site alters the strength 
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or location of Nun arrest. To do this, we made substitutions in the template DNA at +11, +12, and 
+13 positions, and initiated transcription using TEC9G9. Thus, the start site of transcription 
remained uniform for all templates.  
 Figure 3A shows that none of these templates affected Nun pausing at +10U. A 
substitution at +11 (a transversion of A->U) created a new arrest site;  60”, approximately 45% of 
TEC was arrested at +11U, while another 45% arrested at +12C (figure 3A, lane 6). In contrast, A 
or G substitutions at the +12C position had no effect on the location or efficacy of Nun arrest 
(figure 6, lanes 9 and 12). An A->U transversion at the +13 position did, however, reduce arrest at 
+12C from 90% to 30% and an A->C transversion reduced arrest to 60% (figure 3A, bottom 
panel,  lanes 3 & 6). We conclude that sites immediately before or after the arrest site effect the 
position and/or strength of Nun arrest, but substitutions at the arrest site itself do not. Note that all 
templates tested were competent for transcription elongation.  
   We next asked whether more global changes in sequence upstream to the hybrid 5’ or 
downstream to the arrest site would have any effect on Nun action. To do this, we made chimeric 
templates between our standard template (arbitrarily named 65U10, designated as wt) and 
another template on which Nun works, albeit less efficiently. The chimeras are designated as 
Upstream and Downstream, respectively. Again, transcription was initiated from TEC9G9. 
Changing sequence 2-nt or more upstream to the RNA 5’ or 2-nt or more downstream to the 
arrest site had no effect on Nun arrest (figure 3B, compare lanes 3, 6 and 9).  
 Taken together, these results indicate that Nun arrest depends on: 1) the length of the 
RNA-DNA hybrid and 2) the transcript length at the 5’ end of the hybrid. Note that a longer 
complementary RNA primer promotes a pre-translocated state of RNAP. This point shall be 
discussed below. Furthermore, Nun arrest appears to be independent of sequence 2-nt 
downstream to the major arrest site or 2-nt upstream to the 5’ end of the hybrid, and the 
sequence identity of the arrest site itself does not determine the efficiency of Nun arrest. 
However, sites immediately before and after the arrest site do effect the position and strength of 
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Nun arrest. Our results thus far indicate that determinants for Nun arrest lie the region -9 to +13 
relative to the active center.  
 Previously work from our laboratory identified three RNAP mutants that specifically inhibit 
Nun activity in vivo. These mutations, rpoC (β’) D264G, D329G, and R322H, are located between 
the β’ rudder and lid domains and are within 5 angstroms of one another, near the -8 base in the 
RNA-DNA hybrid (figure 4A).  All three mutants are fully functional in elongation: their only 
phenotype is inhibition of Nun arrest. To confirm that the minimal in vitro transcription system 
accurately reflected the biological function of Nun, we tested one such mutant for arrest in our 
assay. TEC11A11   was formed from wildtype or rpoC R322H RNAP, and the resulting TECs were 
incubated with Nun either before or after addition of CTP, followed by addition of all 4 NTPs. The 
rpoC R322H mutation reduced Nun arrest 10-fold in our system regardless of whether the starting 
complex was TEC11A11 or TEC12C12  (figure 4B).   
 The position of rpoC R322H and the other two Nun-resistant mutations suggested that 
Nun might interact with the upstream edge of the transcription bubble. To test this hypothesis, we 
used Exonuclease III (EXO III), a 3’-> 5’ processive dsDNA exonuclease, to probe the upstream 
boundary of the various TECs. EXO III rear-end toeprinting revealed a Nun-dependent toeprint 2-
nt upstream to pre-translocated TEC12C12  (4B, lower panel). The Nun-dependent toeprint was 
abolished when either rpoC R322H mutant RNAP (4B, lanes 3 and 4) or the inactive Nun 
K106A/K107A mutant (figure 4B, lane 5) was used. The Nun-dependent toeprint may represent: 
1) a direct block by Nun to EXOIII digestion; 2) contortion of the upstream DNA, blocking 
digestion or 3) Nun induced backtracking (i.e. reverse translocation) of RNAP. We discuss these 
points below. The correspondence between the in vivo phenotypes of the rpoC and Nun 
mutations and their behavior in vitro confirms the relevance of the scaffold system to 
understanding the mechanism of Nun action. 
     We then asked whether a Nun-dependent toeprint could be found prior to TEC arrest at +12C, 
and whether TEC movement affected the location of the toeprint.  Figure 4C (lanes 1 – 3) show 
upstream toeprints for TEC10U10, TEC11A11 and TEC12C12 in the absence of Nun.  60” of EXO 
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III digestion revealed both pre- and post- translocated states of TEC10U10, and TEC11A11. In 
contrast, only the pretranslocated state of TEC12C12  was detected. A Nun-dependent toeprint 
was seen with both TEC11A11 and TEC12C12 (figure 4C, lanes 4 and 5). Remarkably, 
transcription - and thus 1-nt movement in transition from +11A to +12C - did not change the 
location of the Nun toeprint, 1-nt and 2-nt upstream to the pre-translocated rear-end boundary of 
each TEC, respectively. These results suggest that that the Nun toeprint is established at least 1-
nt prior to the site of arrest.  
 We then asked if a Nun toeprint formed with shorter primers. To do this, we performed 
the same EXO III toeprinting assay with TEC9G9 or TEC10U10  incubated with or without Nun. 
Although both TECs show a transient block to EXOIII digestion in the presence of Nun, no stable 
Nun-dependent toeprint was observed (figure 4D, lanes 2 & 4 and 6 & 8).  The absence of a 
stable Nun-induced toeprint at TEC10U10 is particularly notable, since Nun did induce pausing 
(although not arrest) at this site.  This result indicates that 1) a Nun-dependent toeprint forms at 
the site immediately prior to the arrest site (i.e. +11A), but not further upstream and 2) despite 
addition of 1-nt and subsequent TEC forward movement, the Nun-dependent toeprint remains 
stationary in the transition from +11A to +12C.  
 To further relate the Nun-dependent toeprint to Nun arrest function, we again used EXO 
III to digest dsDNA to the rear end of TEC8A11   and TEC11A11mm  in the presence or absence of 
Nun. Recall that neither of these complexes were stably arrested by Nun at the +12C position. 
After 40” of EXO III digestion, a Nun toeprint was seen with both of these complexes (figure 4E, 
lanes 3 and 7). Upon addition of CTP, however, these toeprints disappeared (figure 4E, lanes 4 
and 8). This observation stands in contrast to TEC11A11  and TEC11A12 which yielded strong  
and identical Nun toeprints (figure 4E, lanes 11 and 12). This result indicates that Nun forms a 
stable toeprint only with complexes at which it robustly arrests at the next site (i.e. TEC11A11). 
 We next asked whether the Nun-dependent toeprint was specific to the upstream 
boundary of TEC. Using the reciprocal approach of front-end toeprinting, we located the front-end 
boundary of TEC11A11 in the presence and absence of Nun. TEC10U10  was used as a marker to 
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identify the pre- and post-translocated states of TEC11A11 (figure 4F, lane 1). In contrast to the 
rear-end digestion assay, no Nun-induced downstream toeprint was observed with TEC11A. Nun 
increased the relative amount of post-translocated TEC11A11 (from 30% to 55%), suggesting that 
Nun may directly target TEC11A11. 
 The effect of Nun on the translocation equilibrium of TEC11A11 implies that Nun may 
influence the catalytic activities of TEC by stabilizing the post-translocation state at this site. If this 
were the case, we would expect Nun to activate transcription from TEC11A11 despite blocking 
RNA synthesis at +12. Nun should stimulate NTP loading and the rate of bond formation from 
+11A to +12C. To address this question, we used stop-flow pre-steady state kinetic analysis. This 
approach reveals the rate of bond formation on a millisecond time scale. The intrinsic rate of 
catalysis of +11A to +12C was rapid: By 2 msec, when the reaction was quenched by addition of 
HCl (to denature RNAP), 80% of TEC11A11 had incorporated CTP. As predicted, Nun increased 
this rate ~20%, from 93nt/sec to 113 nt/sec (figure 5A, left panel). To determine whether this 
increase was due to increasing the rate of forward translocation or to faster bond formation (i.e. a 
direct effect on chemistry) we used EDTA quench to deplete free Mg2. Mg2 sequestered by RNAP 
is protected from chelation. EDTA quench is thus a direct measure of substrate loading (i.e. 
forward translocation) rather than chemistry. 60% of TEC11A11 sequestered the next NTP by 2 
msec. Nun increased this “EDTA burst” to 80%, suggesting that Nun activates TEC11A11 by 
promoting NTP sequestration, presumably by stabilizing post-translocated TEC11A11 (figure 5A, 
right panel). 
 Having established that Nun can activate transcription from TEC11A11, we next 
determined the characteristics of the +12C sequence that might predispose it to Nun arrest. 
Considering that bulk elongation rates are estimated to be 10-200 nt/sec, the rate of ATP addition 
to TEC12C12 was extremely slow (5.5+/-0.5 nt/sec; Figure 5A), consistent with it being a pause 
site. Though no change in rate of bond addition could be observed in its presence, Nun did arrest 
at +12C very efficiently ; 90% of TEC12C12 was refractory to ATP incorporation in the presence of 
Nun (figure 5B). This result is consistent with our observations from bulk elongation assays. 
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Recall that a slow rate of forward translocation (i.e. a primarily pre-translocated state) results in a 
slow rate of catalysis. Since the post-translocated boundary of one site is in the same physical 
position as the pre-translocated boundary of the following site, and our evidence indicates that 
Nun stabilizes the post-translocated state of TEC11A11, we suggest that Nun simultaneously 
stabilizes the pre-translocated state of TEC12C12. This would be consistent with the observation 
that Nun induces stimulation of catalysis from the former complex while inducing transcription 
arrest of the latter.  
 Because our results thus far suggest that Nun activation and arrest directly relate to 
translocation equilibrium, we next asked whether Nun would alter pyrophosphate sensitivity of 
either TEC11A11 or TEC12C12. To do this, 2.5 mM pyrophosphate was added to each TEC in the 
presence or absence of Nun. Reactions were stopped with HCL and the percentage of TEC 
cleaved by 1-nt at the 3’ end of the transcript was analyzed at different time points. As figure 6A 
shows, TEC11A11 was highly resistant to pyrophosphate: significant cleavage occurs only on the 
time scale of hundreds of seconds (figure 6A, black line). Nun decreased the amount of 
TEC11A11 cleaved at the 500 second time point by nearly ~40%. Furthermore 60% of TEC was 
refractory to cleavage in its presence (vs. ~20% in its absence) (figure 6A, red line). This result is 
consistent with the idea that TEC11A11 resides mostly in a post-translocated state, and that Nun 
further stabilizes this state, further reducing the sensitivity of the TEC to pyrophosphate.  
 We next asked whether Nun would enhance the rate of pyrophosphorolysis of TEC12C12 
, which would be consistent with stabilization of the pre-translocated state of this complex. The 
rate of pyrophosphorolysis of TEC12C12 was rapid, 80% of TEC was cleaved within the first half-
second  (figure 6B, black line). Although Nun did not appear to significantly enhance this rate, 
because this cleavage occured so rapidly, it is not possible to rule out an effect of Nun. In any 
case, we conclude that TEC12C12 is primarily pre-translocated, in the presence of absence of 
Nun.   
 
	  







 Figure 1A: Transcription Elongation Complex (TEC) Assembly  
Cartoon representation of Transcription Elongation Complex Assembly. Alignment of RNAs (red) 
with template DNA (grey) depicted for two complexes, TEC9G9 and TEC11A11. Pertinent sites at 
+9G, +10U, and +12C indicated by dashed lines.  
    
	  






Figure 1B: Nun Induces Both Pausing and Arrest on a Non-λ Sequence Transcription 
elongation complexes were assembled from 5’ radiolabeled 65-mer template DNA hybridized to 
either a 9-mer or 11-mer RNA (TEC9G9  and TEC11A11 respectively). TECs were then 
preincubated for 10 minutes at 25 C◦ with 5 µM Nun or comparable volume Nun storage buffer 
before transcription was initiated by addition of 1mM rNTPs for 1 minute and the stopped with 
equal volume 2X Loading Buffer. Nun arrested at a specific site on the template  (+12C) 
regardless whether transcription was initiated from TEC9G9 or TEC11A11, yet the strength of 
arrest depended on the starting complex.  
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Figure 2A:Nun Requires at Least 9-nt Complementary RNA  
TEC7A11, TEC8A11, and  TEC11A 11 5’Mismatch      were assembled from RNAs 7A11,8A11and11A 11 
5’Mismatchrespectively. All 3 complexes have 3’ ends corresponding to +11A sequence. Two time 
points (30” and 60”) shown to illustrate the distinction between pausing and arrest. +12C arrest 
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Figure 2B:The Location of 9-nt Complementary RNA  Is Crucial For Nun Arrest 
TEC9 was assembled using RNAs with 3 different 3’ ends to form  TEC9U+10 , TEC9A+11 and 
TEC9C+12  and transcription assays were performed as described in figure 1B.Single time point is 







	   	  
39	  
  
Figure 2C: Summary of Nun Induced Pausing/Arrest On Different TECs 
Alignment of RNAs used in transcription assays. Strength and position of pausing (P) and arrest 
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Figure 3A: Effect Of Substitutions Surrounding Nun Arrest Site 
Transcription elongation complexes were assembled from 5’ radiolabeled 65-mer template DNA 
hybridized to either a 9-mer RNA (TEC9G9). TECs were then preincubated for 10 minutes at 25 
C◦ with 5 µM Nun or comparable volume Nun storage buffer before transcription was initiated by 
addition of 1mM rNTPs for 1 minute and the stopped with equal volume 2X Loading Buffer. Nun 
arrest at +12C is indicated by arrows. Substitutions in template DNA are indicated, as well as 









	   	  
41	  
 
Figure 3B: Effect of Substitutions in Template DNA  Upstream to RNA 5’ or Downstream to 
Arrest Site 
Transcription elongation complexes were assembled from 5’ radiolabeled 65-mer template DNA 
hybridized to either a 9-mer RNA (TEC9G9). TECs were then preincubated for 10 minutes at 25 
C◦ with 5 µM Nun or comparable volume Nun storage buffer before transcription was initiated by 
addition of 1mM rNTPs for 1 minute and the stopped with equal volume 2X Loading Buffer. Nun 
arrest at +12C is indicated by arrows. Substitutions in template DNA are indicated in blue. DNA-
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Figure 4A: RNAP Mutations in the Close Proximity of the “-8/-9” Base Pairs of the RNA-
DNA Hybrid in TEC Inhibit Nun Binding and Arrest in Vitro.  
Structure of TEC by TtRNAP is shown (PDB: 2O5J). All 3 mutants map to β’ (β’ D264G, β’ 
D329G, and β’ R322H) between the lid and rudder domains in the zipper region. The mutants are 
within 3-6 angstroms of the 5’ end of the transcript (-8/-9). Only the DNA (grey, the space-filled 
model) and the RNA (elements color, sticks) strands of the RNA-DNA hybrid, and the NTP in the 
active center (i+1 site) are shown. Numbers in brackets indicate the corresponding amino acid 
residues in the β’ subunit of TtRNAP. Inset displays the zoomed area surrounding the -8 base 
pair of the hybrid. The RNA and the DNA bases are shown in yellow and brown colors 
respectively. Arg322 (Tt Arg598) residue is located at the 3 angstroms distance from the a-
phosphate of the -8 residue of the nascent RNA. Bottom panel: The model of the structure of the 
“complete TEC by yeast RNA polymerase II (Ref, PDB:) containing the intact transcription bubble. 
The colors are the same as in the top panel. The -8 and -9 positions of the RNA-DNA hybrid are 
highlighted and the position of Rpb1-R320 (corresponds to RpoC-R322) is shown.  
 
	  




Figure 4B: RNAP Mutations Surrounding Upstream Transcription Bubble Inhibit Nun 
Binding and Arrest in Vitro  
Top Panel: Transcription arrest assays were performed as described in Figure 1 with TEC11A11 
.In lanes 3,4, 7, and 8 transcription was initiated with all 4 NTPs after 90” incubation with 5µM 
CTP, thus making the starting complex TEC12C12. Transcription experiments were done with 
both wild-type and mutant RNAP as described in figure 1B. As a control, a non-functional mutant 
of Nun (K106/107A) was included (lane 9). The +12C position is indicated by arrow. Lower Panel: 
Upstream DNA  was  unidirectionally digested with Exonuclease  III (EXO III) to the rear end 
boundary of TEC12C12 (pre-formed fro TEC11A11 by addition of 5µM CTP) using either wildtype 
or mutant RNAP.  Prior to EXO III treatment, each TEC was incubated +/- Nun or K106A/K107A 
Nun mutant, 5 min, before 5 units Exo III was added to each reaction. A single time point (40”) is 
depicted.  The  pre-translocated boundary of TEC12C12 is indicated by the schematic. Pre-
translocated state of TEC12C12  shown by a grey arrow. The specific Nun-induced toeprint is 
indicated by a black arrow.  
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Figure 4C: Nun Toeprint Remains Stationary Upon Transition from TEC11A11  To TEC12C12 
EXO III rear end toeprinting was performed as described in figure 3B. Nun was preincubated with 
TEC11A11 , then EXO III reaction performed to digest to the rear end boundary of TEC11A11 with 
or without addition of 5µM CTP (to form TEC12C12). TEC10U10 was used as a marker for 
translocation state (lane 1). A single time point (60”) is depicted. Translocation boundaries and 
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Figure 4D: Nun Toeprint Is Absent In Both TEC9G9 And TEC10U10 
EXO III rear end toeprinting was performed as described in figure 3B, Nun was preincubated with 
TEC9G9 , then EXO III reaction performed to digest to the rear end boundary of TEC9G9 with or 
without addition of 5µM UTP (to form TEC10U10). A single time point (40”) is depicted.  
































Figure 4E:Nun  Toeprint Is Present In Both TEC8A11 And TEC11A11 5’Mismatch , But Does Not 
Remain Stationary Upon Transition to +12C 
EXO III rear end toeprinting was performed as described in figure 3B, Nun was preincubated with 
TEC8A11, TEC11A 11 5’Mismatch , or TEC11A  then EXO III reaction performed to digest to the rear 
end boundary. A single time point (60”) is depicted. Translocation boundaries and Nun toeprint 
are depicted by grey and black arrows, respectively.   
	  





Figure 4F: Nun Toeprint Is Specific to Upstream Boundary; Nun Stabilizes Post-
Translocation State of TEC11A11  
In the reciprocal experiment to 3A, downstream DNA was  unidirectionally digested with 
Exonuclease  III (EXO III) to the front end boundary of  TEC11A11 (non-template DNA strand was 
5’ 32P labeled), -/+ Nun, 5.  Reactions were stopped at 40”. TEC10U10 was used as a marker for 
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Maria Kireeva, Kashlev Lab 
 
Figure 5A: Nun Enhances Catalysis from +11A to +12C 
Bond formation rate for addition of CTP to TEC11A11 was determined using the same technique, 
this time with 1mM CTP. Again, + and – Nun conditions are depicted as black and red, 
respectively. Reactions were quenched with either of 1 M HCl as above (Top Panel) or 0.5 M 
EDTA (to deplete free NTP–Mg2+ not sequestered within the enzyme) (Lower Panel) . The NTP 
sequestration burst (EDTA burst) is conveyed by the percentage of bonds made at the first time 

















Figure 5B: Nun Arrests at +12C 
Bond formation rate was determined for the addition of ATP to TEC12C12 (to form TEC13A13). 
Transcription was initiated by addition of 1mM ATP to TEC12C12 in the absence of Nun (black 
line) or presence of Nun (red line). Reactions were quenched with 1 M HCl (to inactivate 
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Figure 6A: Nun Inhibits Pyrophosphorolysis in TEC11A11 
Pyrophosphorolysis of TEC11A11  was measured by addition of 2.5 mM pyrophosphate to the 
complex.  Again, + and – Nun conditions are depicted as black and red, respectively. Reactions 
were quenched withr 1 M HCl and the amount of cleavage induced at each time point was 











Maria Kireeva, Kashlev Lab 
 
 
Figure 6B: TEC12C12 Is Hypersensitive to Pyrophosphate 
Pyrophosphorolysis of TEC12C12  was measured by addition of 2.5 mM pyrophosphate to the 
complex.  Again, + and – Nun conditions are depicted as black and red, respectively. Reactions 
were quenched withr 1 M HCl and the amount of cleavage induced at each time point was 
analyzed via electrophoresis
	  




 DNA Requirements for Nun Arrest and Pausing  
 
ABSTRACT  
 In the previous chapter, we established the minimal RNA requirements for Nun-mediated 
transcription arrest and pausing. We also determined that Nun activates or arrests transcription 
based upon the translocation equilibrium of the site in question. Here we investigate how changes 
in the DNA template affect Nun pausing and arrest. We find that abasic sites or DNA 
modifications at positions -8 and -9 (relative to the active center) alter the pattern of both Nun 
pausing and arrest . We show that the same substitutions upstream of the hybrid at -10 and -11 
positions also affect Nun arrest, thereby demonstrating that the effect of these substitutions is not 
explained by changes RNA-DNA hybrid formation. In contrast to the experiments described in 
Chapter 2, the strength of Nun arrest does not correlate with the upstream Nun toeprint in the 
case of abasic substitutions. Interestingly, we find that Nun pausing, although not arrest, can 
occur on single-stranded DNA. These experiments confirm the importance of upstream DNA 
elements in the Nun reaction.  
INTRODUCTION 
 Nun arrest is proposed to be mediated by intercalation of the Nun CTD into downstream 
double-stranded DNA. Our data indicate that RNA sequences upstream to the RNAP active 
center play an important role in Nun function. Specifically, mutations in RNAP that affect 
interactions with the RNA-DNA hybrid at positions  -8 and -9 to the active center abolish both Nun 
arrest and Nun interaction with the upstream TEC. Here we determine the specific DNA bases 
implicated in Nun arrest. We show that abasic site substitutions in the -8/-9 register abolish arrest. 
We also examine the effect of Locked Nucleic Acids (LNA), which have a ribose backbone 
modification (a bridge connecting the 2’ oxygen with the 4’ carbon) that “locks” the base in the 
	  
	   	  
53	  
C3'-endo position, thereby favoring A-type helix geometry. This modification enhances DNA 
duplex and DNA-RNA hybrid stability (i.e. higher Tm), and renders single-stranded DNA or RNA 
rigid and inflexible. Though LNA had no effect on transcription complex assembly and elongation, 
it did have distinct consequences for both Nun pausing and arrest.  This study represents the first 
description of the effect of LNA modifications on in vitro transcription. 
 We also show that Nun function is not abolished on single-stranded DNA: we observe 
pausing, although not arrest, on a ssDNA template. This observation suggests that downstream 
dsDNA intercalation is not prerequisite for Nun function.  
RESULTS 
 We sought to determine the DNA requirements for Nun action. Specifically, we asked 
whether Nun would pause or arrest on a short single-stranded DNA scaffold. To this end, we 
assembled TEC8A11 on a 30-mer DNA scaffold (arbitrarily named 30U10). We used a shorter 
DNA oligo to avoid possible secondary structure in the 65-mer DNA scaffolds used in the 
experiments described previously. When complexes were assembled with dsDNA 30U10, Nun 
induced a strong pause at +12C and  arrest at +12C and +13A,  as it did with the 65-mer DNA 
templates, (figure 1, lane 9).  No arrest could be seen when complexes were assembled with 
ssDNA template alone, however Nun did efficiently pause transcription at +12C (figure 1, lane 4), 
indicating that dsDNA intercalation is not a prerequisite to all Nun functions. 
 We next sought to identify the DNA sites required for Nun activity. Our evidence indicates 
the importance of sequences at the  5’ end of the transcription bubble, and that RNAP mutations 
that affect interactions with template -8 and -9 relative to the active center impair Nun function. 
We also showed the necessity of complementary RNA at least 9-nt in length upstream to the 
active center. We now asked how abasic substitutions at these sites affect Nun function. We 
again utilized the 65-mer scaffold system with TEC9G9 as primer. As shown in Figure 2A (upper 
panels), abasic substitutions at the -8 and -9 template DNA positions abolished Nun pausing at 
+10U and weakened arrest at +12C (from 90% arrest to 50%). These substitutions are expected 
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to interfere with RNA-DNA hybrid formation and were, therefore, consistent with our observation 
that TECs assembled with a 7-nt or 8-nt RNA primer are poor Nun substrates. Scaffolds 
constructed with template containing LNA were transcriptionally active (Figure 2A, lower panels). 
However, LNA modifications significantly inhibited Nun activity. LNA substitution at -8 did not 
affect Nun pausing at +10U, but significantly reduced arrest at +12C. The -9 LNA substitution 
abolished +10U pausing in addition to reducing arrest at +12C. Note that both the -9 abasic and -
9 LNA modifications induced a Nun dependent pause at +11A, a site that we had shown to be 
catalytically activated by Nun in pre-steady state analysis. 
 The modifications described above might have reduced Nun binding to TEC. We 
therefore looked for the upstream Nun toeprint with two of the modifications: -8 abasic and -8 
LNA. As shown in Figure 2B, a Nun toeprint with TEC9G9 on a wildtype template was seen ~ 7-nt 
upstream to the rear end boundary (2B, left panel). Note that this  toeprint differed from that 
previously observed with TEC11A11 and TEC12C12, which was 1-nt and 2-nt upstream to the rear 
end boundary of TEC, respectively. Furthermore, unlike the TEC11A11 and TEC12C12 toeprints, 
which were stable for minutes in the presence of ExoIII, the TEC9G9 toeprint disappeared after 
40’’ of incubation with the nuclease (data not shown). The -8 abasic substitution, which showed 
no Nun pausing and little Nun arrest, abolished the Nun toeprint (2B, center panel). In contrast, 
the -8 LNA modification (strong pausing at +10U, diminished arrest at +12C) altered neither the 
strength nor the location of the Nun toeprint (2B, right panel). A TEC assembled with a 7-nt RNA 
(TEC7A11) did not generate a Nun toeprint (data not shown). Unlike the abasic substitutions, LNA 
modifications enhance stronger RNA-DNA base-pairing. The fact that a strong Nun toeprint, could 
be seen with the -8 LNA substitution, despite the reduction in Nun activity induced by this change, 
suggests that LNA does not affect Nun binding to TEC. Presumably, the more stable RNA-DNA 
hybrid inhibits Nun activity by another, as yet undefined, mechanism.  
 Having confirmed the importance of the -8 and -9 template DNA sites for Nun pausing 
and arrest, we next asked whether abasic substitutions upstream to the RNA-DNA hybrid affected 
Nun function. We tested the efficacy of Nun pausing and arrest with TEC8A11, a complex that 
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permits Nun pausing but only weak arrest. This allowed us to examine the effect of substitutions 
outside the hybrid. Figure 3A illustrates the positions of each substitution relative to the RNA. A 
control -8 abasic substitution, which lies within the RNA-DNA hybrid, eliminated both pausing and 
arrest of TEC8A11 at +12C and +14C positions (3A, top panel, compare lanes 4 & 5 and 9 & 10). 
This result was expected, as the RNA-DNA hybrid is equivalent to that of TEC7A11, which is 
completely refractory to Nun arrest (Chapter 2, figure 2A, lanes 3 and 4). However, a -9 abasic 
substitution, which is located 1-nt upstream to the 5’ end of the hybrid, also eliminated pausing 
and arrest (3A, middle panel, lanes 4 & 5 and 9 &10). This suggests that the -9 position in 
template DNA is important for Nun function apart from RNA-DNA base-pairing. Note that this 
substitution, and those described below, lie within the 12-14-nt ssDNA bubble, and does not 
affect DNA-DNA duplex formation. We also introduced abasic substitutions at -10 and -11. 
Surprisingly, the -10 substitution, which is 2-nt upstream to the 5’ end of the RNA-DNA hybrid, 
enhanced Nun activity by converting the +12C pause to an arrest site with 65% efficiency (3A, 
lower panel, lanes 4 & 5 and 9 & 10). An abasic site at -11 did not change the efficiency of 
pausing or arrest at +12C, but did abrogate arrest at +14C and increased the level of runoff 
transcripts (3B, lanes 4 & 5 and 9 &10). Taken together, these results indicate that template DNA 
sites 5’ to the RNA-DNA hybrid affect Nun action.  
 We showed previously that the strength of the Nun toeprint is directly related to arrest 
efficiency.  We now asked whether the Nun toeprint correlated with arrest on the abasic 
templates. Accordingly, we tested the effect of abasic substitutions on Nun rear-end toeprint 
formation with TEC8A11  after prolonged (60”) incubation with EXOIII. Nun induced a 
characteristic toeprint 1-nt upstream to the pre-translocated rear-end boundary of TEC8A11 
(Figure 3C, lane 2). Surprisingly, although the -10 abasic site enhanced Nun arrest, no Nun 
toeprint was observed with this complex (figure 3C, lane 4). Instead, the -11 abasic site, which 
reduced efficacy of +14C arrest with TEC8A11, did, in fact, exhibit a Nun toeprint (figure 3C, lane 
6). Note that in the absence of Nun, the wildtype, the -10, and the -11 abasic templates all 
displayed unique translocation equilibria. In particular, the -10 abasic template substitution biased 
RNAP towards the postranslocation state, whereas the -11 abasic template favored the 
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pretranslocated state.  Whether these differences in translocation state are determinants of Nun 
binding remains to be investigated.  
 We next sought to determine the effects of abasic substitutions on Nun activity using a 
complex that is arrested robustly by Nun. The ability of TEC9A11 to support Nun-mediated arrest 
at +12C was severely inhibited on templates with -8 and -9 abasic substitutions, which can form 
only 7-bp or 8-bp hybrids (4A, top and middle panels, lanes 4 & 5 and 9 & 10). Interestingly, a 
new arrest site at +14C was observed with the -8 and -9 abasic templates. As discussed above, a 
TEC with a 7-nt hybrid (TEC7A11) was not a Nun substrate, whereas Nun weakly arrested a TEC 
with an 8-nt hybrid (TEC8A11) at the +14C position with 15% efficiency (chapter 2, figure 2A, 
lanes 4 and 8).  With respect to Nun pausing, the -8 abasic template supported weak pausing at 
+12C (4A, top panel, lanes 9 & 10). The -9 abasic template also allowed pausing at +12C as well 
as a pause at +13A (4A, middle panel, lanes 9 &10).  
   An abasic substitution at -10, which does not affect hybrid length, neither enhanced nor 
diminished Nun arrest at +12C (4A, lower panel, lanes 4 & 5 and 9 &10). Though the -10 abasic 
site significantly enhanced Nun arrest on the TEC8A11 template (figure 3A, lower panel, lanes 5 
and 10) it is likely that the high efficiency of arrest on the TEC9A11 template cannot be further 
enhanced. The -11 abasic, on the other hand, reduced the efficacy of overall Nun arrest, 
increasing the amount of run-off transcription from 10% to 50% (Figure 4B, top panel, lanes 4 & 5 
and 9 &10). These results along with those obtained from TEC8A11 suggest that template DNA 
itself serves as a signal for Nun recognition and/or action, since it affects the efficiency of Nun 
arrest independently of hybrid length.  
 We next studied the effect of LNA substitutions at the -8 and -9 positions with TEC8A11 
and TEC9A11. As shown in figure 5, TEC8A11 assembled on templates with LNA modifications at -
8 (within the hybrid) and  -9 (1nt upstream of the hybrid) only slightly reduced the efficacy of 
pausing and arrest. However, -8 and -9 LNA almost completely abrogated arrest of +12C with 
TEC9A11 (Figure 5, lower panel, lanes 10 and 15). It is important to note that these modifications 
both fall within the RNA-DNA hybrid of TEC9A11. Since LNA modifications increase the strength 
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of duplex formation (i.e. increase Tm), this evidence suggests that strengthening the RNA-DNA 
hybrid inhibits Nun function on the TEC9A11 complex, although not on the TEC8A11 complex.  
Note that the efficiency of Nun arrest is higher on the former than the latter template. Whether this 
is relevant to the different effects of LNA modifications is not known. 
 We now asked if DNA sequence at -9 to -11 relative to the active site in TEC9A11 from T-
11A-10G-9 to A-11T-10C-9 altered Nun function. As was the case with the original sequence, Nun 
arrested with 90% efficiency at the +12C site (figure 6,upper panel, lane 5).  
 We then analyzed the effects of abasic site substitutions in the non-template DNA using 
the A-11T-10C-9 template. We assembled TEC9A11 with wildtype template DNA. Unlike  -8 and -9 
abasic sites in template DNA, these same substitutions in the non-template strand had no effect 
on Nun arrest at the +12C position (figure 6, top panel, compare lane 5 to lanes 10 and 15). 
Substitutions at the -10 and -11 positions, on the other hand, reduced arrest efficiency at +12C 
from 90% with wildtype non-template DNA to 80% and 65%, respectively (figure 6, lower panel, 
lanes 5 and 10). This result is consistent with the idea that, whereas template strand substitutions 
at -8 and -9 positions inhibit Nun arrest by reducing the size of the RNA-DNA hybrid, substitutions 
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Figure 1:Nun Pauses on Single Stranded DNA (ssDNA)  
Transcription elongation complexes were assembled from 30-mer template DNA (30U10) 
hybridized to a 5’ P32 labeled  8-mer RNA with a 3’ end corresponding to the +11A position 
(TEC8A11). TECs were assembled in the presence or absence of the non-template DNA strand to 
yield double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA) TECs, respectively.  then 
preincubated for 10 minutes at 25 C◦ with 5 µM Nun or comparable volume Nun storage buffer 
before transcription was initiated by addition of 1mM rNTPs for 10” or 1’ and then stopped with 
equal volume 2X Loading Buffer. DNA products were resolved on a 23% AA/7M Urea gel and 
imaged with Typhoon phospho-imager.  
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Figure 2A: Effect of -8 and -9 Abasic/LNA on Pausing/Arrest of TEC9G9 
Transcription elongation complexes were assembled from a normal 65-mer template DNA 
(65U10) hybridized to a 5’ P32 9-mer RNA with a 3’ end corresponding to the +9G position 
(TEC9G9). In addition to wildtype templates, TEC9G9 was assembled on DNA templates 
containing either abasic or LNA substitutions at the -8 and -9 positions (relative to the active 
center). All TECs  were then preincubated for 10 minutes at 25 C◦ with 5 µM Nun or comparable 
volume Nun storage buffer before transcription was initiated by addition of 1mM rNTPs for 10” or 
1’ and then stopped with equal volume 2X Loading Buffer. RNA products were resolved on a 23% 
AA/7M Urea gel and imaged with Typhoon phospho-imager.  
	  
	   	  
60	  
 
Figure 2B: Nun Toeprint  on -8 Abasic/LNA  
Upstream DNA  was  unidirectionally digested with Exonuclease  III (EXO III) to the rear end 
boundary of TEC9G
9 
formed on wildtype, -8 abasic or -8 LNA templates. Prior to EXO III 
treatment, each TEC was incubated +/- Nun, 5 min, before 5 units EXO III was added to each 
reaction. A single time point (40”) is depicted. 
 
The post-translocated boundary of TEC9G
9
 is indicated by the schematic. Pre-translocated state 
of TEC9G
9
 is shown by a grey arrow. The specific Nun-induced toeprint is indicated by a black 
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Figure 3A: Abasic Template DNA Effects on Nun Arrest of TEC8A11 
Transcription elongation complexes were assembled from a normal 65-mer template DNA 
(65U10) hybridized to a 5’ P32 8-mer RNA with a 3’ end corresponding to the +11A position 
(TEC8A11). In addition to wildtype templates, TEC8A11 was assembled on DNA templates 
containing abasic substitutions at the -8 , -9  and -10 positions (relative to the active center). All 
TECs were then preincubated for 10 minutes at 25 C◦ with 5 µM Nun or comparable volume Nun 
storage buffer before transcription was initiated by addition of 1mM rNTPs for 10” or 1’ and then 
stopped with equal volume 2X Loading Buffer. +12C position is boxed.  RNA products were 
resolved on a 23% AA/7M Urea gel and imaged with Typhoon phospho-imager.  
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Figure 3B: -11 Abasic Template DNA Inhibits Nun Arrest of TEC8A11 
Transcription elongation complexes were assembled from a normal 65-mer template DNA 
(65U10) hybridized to a 5’ P32 8-mer RNA with a 3’ end corresponding to the +11A position 
(TEC8A11). In addition to wildtype templates, TEC8A11 was assembled on DNA templates 
containing abasic substitutions at the -11 position (relative to the active center). All TECs  were 
then preincubated for 10 minutes at 25 C◦ with 5 µM Nun or comparable volume Nun storage 
buffer before transcription was initiated by addition of 1mM rNTPs for 10” or 1’ and then stopped 
with equal volume 2X Loading Buffer. +14C position is boxed.  RNA products were resolved on a 
23% AA/7M Urea gel and imaged with Typhoon phospho-imager.  
	  
	   	  
63	  
 
Figure 3C: Effect of Abasic Template DNA on Nun Toeprint 
EXO III rear end toeprinting was performed as describedpreviously. Nun was preincubated with 
TEC8A11 formed on wildtype, -10 abasic or -11 abasic templates, then EXO III reaction performed 
to digest to the rear end boundary. A single time point (60”) is depicted. Translocation boundaries 
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Figure 4A: Abasic Template DNA Effects on Nun Arrest of  TEC9A11 
 Transcription elongation complexes were assembled from a normal 65-mer template DNA 
(65U10) hybridized to a 5’ P32 9-mer RNA with a 3’ end corresponding to the +11A position 
(TEC9A11). In addition to wildtype templates, TEC9A11 was assembled on DNA templates 
containing abasic substitutions at the -8 , -9  and -10 positions (relative to the active center). All 
TECs  were then preincubated for 10 minutes at 25 C◦ with 5 µM Nun or comparable volume Nun 
storage buffer before transcription was initiated by addition of 1mM rNTPs for 10” or 1’ and then 
stopped with equal volume 2X Loading Buffer. +12C position is boxed. RNA products were 
resolved on a 23% AA/7M Urea gel and imaged with Typhoon phospho-imager.  
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Figure 4B:-11 Abasic Substitution Inhibits Nun Arrest of TEC9A11 
Transcription elongation complexes were assembled from a normal 65-mer template DNA 
(65U10) hybridized to a 5’ P32 9-mer RNA with a 3’ end corresponding to the +11A position 
(TEC9A11). In addition to wildtype templates, TEC9A11 was assembled on DNA templates 
containing abasic substitutions at the -11 position (relative to the active center). All TECs  were 
then preincubated for 10 minutes at 25 C◦ with 5 µM Nun or comparable volume Nun storage 
buffer before transcription was initiated by addition of 1mM rNTPs for 10” or 1’ and then stopped 
with equal volume 2X Loading Buffer. +12C position is boxed. Percentage arrest is shown below. 
RNA products were resolved on a 23% AA/7M Urea gel and imaged with Typhoon phospho-
imager.  
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Figure 5: Effect of LNA Substitutions on TEC8A11 and TEC9A11 
Transcription elongation complexes were assembled from a normal 65-mer template DNA 
(65U10) hybridized to a 5’ P32 9-mer RNA with a 3’ end corresponding to the +11A position 
(TEC9A11). In addition to wildtype templates, TEC9A11 was assembled on DNA templates 
containing LNA substitutions at the -8 and -9 positions (relative to the active center). All TECs  
were then preincubated for 10 minutes at 25 C◦ with 5 µM Nun or comparable volume Nun 
storage buffer before transcription was initiated by addition of 1mM rNTPs for 10” or 1’ and then 
stopped with equal volume 2X Loading Buffer. +12C position is boxed.  RNA products were 





	   	  
67	  
 
Figure 6: Non-Template DNA Abasic Substitutions 
Transcription elongation complexes were assembled from a normal 65-mer template DNA 
(65U10) with the A-11T-10C-9 sequence, hybridized to a 5’ P32 9-mer RNA with a 3’ end 
corresponding to the +11A position (TEC9A11). Wildtype non- template DNA or non-template 
DNA containing abasic substitutions at the -8 , -9, -10  and -11 positions (relative to the active 
center) was then added. All TECs  were then preincubated for 10 minutes at 25 C◦ with 5 µM Nun 
or comparable volume Nun storage buffer before transcription was initiated by addition of 1mM 
rNTPs for 10” or 1’ and then stopped with equal volume 2X Loading Buffer. +12C position is 
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Chapter Four 
Effect of Host Factors on Nun Arrest 
ABSTRACT    
 Nun activity both in vitro and in vivo is affected by a number of host factors. Specifically, 
the four Nus transcription elongation proteins are required for Nun function in vivo, and all four 
added in equal molar ratio enhance Nun activity in vitro in a lpL-nutL promoter- based system. 
Paradoxically, NusA or NusG alone inhibit Nun arrest in the same in vitro system.  
 We tested the effect of NusA and NusG on Nun activity in the TEC assembly system. We 
confirmed that NusA inhibited Nun arrest in the lpL-nutL promoter-based in vitro transcription 
assay, but not in the nut-less TEC system. We also identified novel characteristics of NusG that 
are independent of Nun. We found that NusG can both arrest and pause in the TEC system. This 
may be due to stabilization of the pre-translocated state of TEC, and appears to be dependent 
upon the nature of the non-template DNA strand.  
 In contrast to the lpL-nutL assay, NusG did not significantly inhibit Nun arrest the TEC 
system (<25%).  We also show that Nun blocked the activity of anti-backtracking proteins GreA 
and GreB, but that GreA and GreB did not inhibit Nun arrest. Our results indicate parallels and 
differences between our assembly system and the promoter-based transcription assay.  
Introduction 
 Both NusA and NusG stimulate Nun arrest in vitro when added in conjunction with NusB 
and NusE, yet both have been shown to inhibit Nun arrest when added individually (Hung and 
Gottesman, 1995). The mechanism for this counterintuitive observation remains unknown. NusA 
is a transcription pausing factor that enhances sequence dependent and hairpin dependent 
pausing, as well as λ N-mediated transcription anti-termination (see Santangelo and Artsimovich, 
2011; Nudler and Gottesman, 2002). As discussed in the introduction (Chapter 1), NusA has 
multiple RNA-binding domains, and its role in transcriptional pausing has been linked to RNA 
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interactions (Zhou et al, 2002;  Prasch et al. 2009). 
 The NusG transcription elongation factor, on the other hand, suppresses pausing (Burova 
et al 1995). However, NusG enhances hairpin mediated pausing in B.subtilis. It has been shown 
to interact with non-template DNA at the -11 position relative to the active site (Sevostyanova and 
Artsimovitch, 2010) 
 We examined NusA and NusG for their effect on Nun arrest in the TEC assembly system. 
We found that, while NusA inhibited Nun arrest on the lpL-nutL template, it did not inhibit in the 
TEC assembly system, which lacks λ sequences. We show, for the first time, that NusG can 
induce pausing and arrest of E. coli RNAP on our template. We also find that NusG stabilizes a 
pre-translocated state of RNAP.  
 Additionally, we describe the functional interactions between Nun and the Gre proteins. In 
the second chapter we mentioned a mechanism by which Nun may inhibit lateral mobility of 
RNAP along the DNA register, a model that shall be expanded upon in the discussion. We find 
that Nun does indeed inhibit Gre-induced RNA cleavage, and suggest that, by restricting lateral 
mobility, Nun also inhibits backtracking.  
RESULTS 
 NusA was previously reported to inhibit Nun arrest on the lpL-nutL template in vitro. 
(Hung and Gottesman, 1995) This result is confirmed in Figure 1. In the absence of NusA, 
increasing Nun concentrations from 100nM to 500nM reduced run-off transcription. NusA 
decreased run-off transcription and inhibited Nun arrest, even when Nun was in 5-fold excess 
over NusA (figure 1, lanes 4, 7, 8). 
 We next asked whether NusA inhibits Nun in the TEC assembly system. To do this, we 
added equimolar amounts of Nun and NusA to TEC9G9 and monitored transcription arrest at 
+12C. To reduce complications induced by NusA pausing at downstream sites, we stopped 
transcription immediately after the +12C site. Thus, we chose a template with the sequence U10 
A11 C12 G13 and initiated transcription with rUTP, rATP, rCTP, and the chain-terminating 3’deoxy 
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GTP. Here, +13G, indicated by an arrow, represents the run-off, and the +12C arrest site is 
boxed. NusA alone did not induce arrest (Figure 2, lane 4). As shown in Figure 2, lanes 2 & 3, 
Nun arrested efficiently in the presence of NusA, indicating that the inhibition seen in Figure 1 
represents a lpL-nutL specific effect. Since NusA has been shown to bind both the BoxB RNA 
stem loop and the spacer RNA between BoxA and BoxB in the lpL-nutL transcript (Prasch et al, 
2009), we presume that the NusA inhibition of Nun is dependent upon binding of the nut RNA 
ligand.  
Next we examined the effect of NusG on transcription elongation and Nun activity. We 
first added NusG in the absence of Nun to TEC9A11 and monitored anti-pausing activity at low 
NTP concentrations. Contrary to our prediction, NusG did not suppress pausing on a wildtype 
template (Figure 3, lanes 2 & 3). Surprisingly, NusG induced arrest at +11A (5%), +12C (5%) and 
at +13A (20%). This represents the first example of E.coli NusG acting as a pausing/arrest factor.  
We next determined the sequence requirements for NusG arrest. NusG interacts with 
the non-template DNA strand, specifically at the -10/-11 interface (Sevostyanova and 
Artsimovitch, 2010). Accordingly, we introduced abasic sites into the non-template DNA strand 
and determined their effect on NusG arrest. The -8 abasic site had little effect on NusG arrest 
(figure 3, compare lanes 3 & 6). However -9, -10 and -11 abasic substitutions significantly 
increased NusG arrest at +13A compared to wildtype template, from 20% to 45% (figure 3, 
compare lane 3 with lanes 9, 12, &15). Since the site of NusG interaction with DNA has been 
suggested to be at -11, the fact that abasic substitution at this site did not inhibit NusG action was 
surprising. We conclude that NusG induces arrest in our system, and that this arrest is enhanced 
by elimination of non-template DNA bases in the -9 to -11 register.  
Although the mechanism for NusG arrest remains unknown, we note that NusG 
stabilizes the pre-translocated state of TEC10U10, a site that constitutes a short lived intrinsic 
pause (Appendix 2). NusG increased the fraction of pre-translocated TEC10U10 from 40% to 
75%. This is unexpected since others have reported that NusG accelerates the rate of forward 
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translocation of RNAP (Herbert et al, 2010). However, we do not yet know whether NusG arrests 
at +10U, therefore we cannot definitively relate translocation blockade to NusG arrest. 
We next turned our attention to the effect of NusG on Nun arrest. On a wildtype 
template, Nun arrested TEC9A11  at the +12C position with 90% efficiency, as expected (figure 4, 
lane 3). There was a small (~20%) effect of NusG on Nun arrest (figure 4, compare lanes 3 and 
4). A -8 abasic substitution in non-template DNA had no effect on NusG inhibition of Nun (figure 
4, lane 8). However, NusG inhibition of Nun was evident when either the -9 or -10 abasic 
substitutions were used. For both substitutions, NusG reduced Nun arrest at +12C by ~50% 
(figure 4, top panel, lane 12 and lower panel, lane 8). Note that both of these substitutions 
enhanced NusG arrest at +13A in the absence of Nun (figure 4, top panel, lane 10 and lower 
panel, lane 2), implying that these substitutions play a role in NusG function. Surprisingly, NusG 
did not inhibit Nun arrest on the -11 abasic template.  Nun induced 65% arrest at +12C with or 
without NusG (figure 4, lower panel, compare lanes 7 & 8). Taken together, these results indicate 
that bases in the non-template DNA strand along the -9 to -11 register affect the ability of NusG to 
inhibit Nun.  
We next determined the effects of Nun on GreA and GreB anti-backtracking and of GreA 
and GreB on Nun arrest. It has been reported that Nun did not inhibit GreB-mediated transcript 
cleavage on the lpL-nutL template (Hung and Gottesman, 1997). Starting with TEC12C12, GreA 
yielded ~30% dinucleotide and GreB yielded ~70% dinucleotide and trinucleotide cleavage 
products (figure 5, lanes 2 & 3). Both factors were strongly inhibited by Nun: Nun reduced total 
RNA cleavage to less than 15% in both cases (figure 5, lanes 4 & 5).  
To determine if GreA and GreB inhibited Nun arrest, we added three NTPs (rCTP, rATP, 
rUTP) and a chain terminating NTP (3’deoxy GTP) to limit transcription; run-off is at the +15G 
position (figure 5, lane 6). GreA and GreB eliminated almost all full-length run-off transcript; 
instead a +14C transcript was the major or sole product (figure 5, lanes 7 & 8). This phenomenon 
is explained by the transcription properties of chain terminators. The terminators: 1) reduce the 
incorporation rate and 2) promote backtracking. These two features explain RNA truncation of 
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+15 by Gre factors, which occurs faster than RNAP can elongate the RNA from +14. This makes 
the+14 transcript appear to be the primary RNA product. When transcription was initiated in the 
presence of Nun, complete arrest was seen at +12C, as expected (figure 5, lane 9). Neither GreA 
nor GreB inhibited Nun arrest at +12C (figure 5, lanes 10 & 11). We conclude that, whereas Nun 
inhibits GreA and GreB, the reciprocal does not occur: Gre proteins have no effect on Nun arrest. 
This result is consistent with the idea that, by inhibiting lateral mobility of RNAP, Nun blocks 
backtracking and formation of the RNA substrate for Gre-mediated cleavage.   
	  




Figure 1: NusA Inhibits Nun Arrest: pL-nutL promoter IVT 
Pre-initiation (open) complex was formed on 161 nt long pL-nutL template by combining 200 ng 
DNA template, 4 pmol RNAP, and 0.5 µl TB40 transcription buffer (5’, 37◦C). To avert abortive 
initiation, TEC15U was then formed from combining open transcription complex with 2.5mM 
ApUpC, 3µl 0.5mM rATP+rGTP, 4 µl α-P
32
 CTP (3000 Ci/mmol, 3.3 µM), and 1µl TB40 
transcription buffer (5’, 37◦C). Resulting TEC15U was then immobilized on Ni-NTA, washed and 
eluted as described in materials and methods.  30 µl TEC15U was then incubated with Nun 
alone, NusA +Nun (added simultaneously) in the concentrations indicated, or comparable volume 
transcription buffer (10’, 25◦C). Transcription was initiated by addition of 5 µM all 4 rNTPs, and 
reactions were stopped after 30’ incubation at 25◦C with 2X loading buffer. Only run-off depicted, 
indicated by black arrow. RNA products were resolved on an 11% AA/7M Urea gel and imaged 
with Typhoon phospho-imager.  
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Figure 2: NusA Does Not Inhibit Nun in TEC Assembly System 
Transcription elongation complexes were assembled from a 50-mer template DNA (65U10) 
hybridized to a 5’ P32 9-mer RNA with a 3’ end corresponding to the +9G position (TEC9G9). TEC 
was then preincubated for 10 minutes at 25 C◦ with 5 µM Nun alone, NusA +Nun. Or NusA alone, 
or comparable volume Nun storage buffer before transcription was initiated by addition of 20µM 
rATP/rCTP,/rUTP and 60µM 3’deoxy GTP for 1’ and then stopped with equal volume 2X Loading 
























Figure 3: Effect of NusG on Transcription: Wt and Abasic Non-template DNA 
Transcription elongation complexes were assembled from a normal 65-mer template DNA 
(65U10) hybridized to a 5’ P32 9-mer RNA with a 3’ end corresponding to the +11A position 
(TEC9A11). In addition to wildtype templates, TEC9A11 was assembled on DNA templates 
containing abasic substitutions at the -8 , -9, -10 and -11 positions (relative to the active center). 
All TECs  were then preincubated for 10 minutes at 25 C◦ with 200 nM NusG or comparable 
volume Nun storage buffer before transcription was initiated by addition of 1mM rNTPs for 1’ and 
then stopped with equal volume 2X Loading Buffer.  RNA products were resolved on a 23% 
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Figure 4: Effect of NusG on Nun Arrest 
Transcription elongation complexes were assembled from a normal 65-mer template DNA 
(65U10) hybridized to a 5’ P32 9-mer RNA with a 3’ end corresponding to the +11A position 
(TEC9A11). In addition to wildtype templates, TEC9A11 was assembled on DNA templates 
containing abasic substitutions at the -8 , -9, -10 and -11 positions (relative to the active center). 
All TECs  were then preincubated for 10 minutes at 25 C◦ with 5µM NusG, 5µM NusG + 5µM 
Nun, or 5µM Nun before transcription was initiated by addition of 1mM rNTPs for 1’ and then 
stopped with equal volume 2X Loading Buffer.  RNA products were resolved on a 23% AA/7M 
Urea gel and imaged with Typhoon phospho-imager.  
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Figure 5: Nun Inhibits GreA/GreB 
Transcription elongation complexes were assembled from a normal 65-mer template DNA 
(65U10) hybridized to a 5’ P32 11-mer RNA with a 3’ end corresponding to the +11A position 
(TEC11A11). TEC was then walked to TEC12C12 by addition of 5µM rCTP, which remained in the 
reaction. TEC12C12 was then incubated with 0.1mg/ML Nun and/or 0.2mg/ML GreA or GreB or 
comparable volume Nun storage buffer , 10’. Reactions were then either stopped with 2X Loading 
Buffer or transcription was initiated with / 20 µM AUC/60 µM 3’dGTP (90”) and then stopped. 
Dinucleotide  and trinucleotide cleavage products, denoted (NT)2 and (NT)3, respectively, are 
indicated by black arrows. RNA products were resolved on a 23% AA/7M Urea gel and imaged 
with Typhoon phospho-imager.  
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Chapter Five 
Other aspects of Nun biochemistry 
 
ABSTRACT 
 In previous chapters, we showed that Nun restricts lateral mobility of RNAP on DNA 
template and consequentially stabilizes translocation state. In this chapter we present evidence 
that Nun may affect catalysis via other biochemical mechanisms. We show that manganese 
inhibits Nun arrest. We show that Nun promotes misincorporation from +11A, which is 
catalytically activated by Nun. We also show that Nun activates pre-formed TEC10U10, and that it 
strongly enhances misincorporation at this site. This finding stands in contrast to the phenomena 
of Nun pausing of +10U when transcription is initiated upstream from TEC9G9. These 
observations might be explained by Nun’s role in translocation, or might imply an additional Nun 
activity. 
INTRODUCTION 
 Our studies have shown that Nun can arrest, activate, and pause transcription in a site-
specific manner. These activities can be explained by an effect of Nun on translocation, and 
indicate that Nun has specific sequence requirements in both RNA and DNA. Here we 
demonstrate that Nun arrest is strongly inhibited by manganese (Mn2+), a cation which inhibits 
transcription elongation and reduces transcription fidelity by relaxing active center geometry, as 
does high magnesium (Mg2+) (Wang et al, 2006). We also find that Nun promotes 
misincorporation. These effects may be due to affects on translocation, or may indicate another 
role for Nun in transcription. 
RESULTS 
The effects of Mn2+ on Nun arrest are shown in figure 1A. As previously observed, Nun 
arrested TEC9G9 at +12C with 60% efficiency in 5mM Mg2+ (figure 1, lane 2, lower panel). Nun 
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arrest is also seen as a 90% reduction in run-off transcripts by comparing the upper panels of 
lanes 1 and 2 (figure 1).  Addition of 0.5 mM Mn2+ in the presence of 5mM Mg2+ inhibited 
transcription. Weak arrest was observed along the +9 to +12 register and the amount of run-off 
transcription was reduced (figure 1A, lane 3). Notably, Nun did not further arrest transcription in 
the presence of Mn2+ (figure 1A, lanes 3 and 4). Mn2+ might inhibit Nun by altering the 
translocation equilibrium of RNAP. Alternatively, binding of Mn2+ to the RNAP active center might 
directly inhibit Nun arrest via a chemical mechanism. Lastly, it is also possible that direct binding 
of manganese to Nun may inactivate it.  
We next asked whether high magnesium concentrations would inhibit Nun. Transcription 
experiments were performed as described in the presence of either the standard concentration of 
5mM Mg2+ or at 50mM Mg2+. As figure 1B shows, a higher magnesium concentration did not 
inhibit transcription elongation in the absence of Nun (figure 1B, lane 3). It did, however, abolish 
Nun arrest at +12C (figure 1B, lane 4). We conclude that Nun arrest is sensitive to manipulations 
of divalent cations, whether or not they inhibit transcription elongation. 
We demonstrated in chapter 2 that Nun catalytically activates TEC11A11, and linked this to 
stabilization of the post-translocation state. We now asked whether Nun would enhance catalysis 
even in the presence of non-cognate rNTP. Accordingly, we formed TEC10U10 from TEC9G9 by 
addition of rUTP, which was then removed by washing. Transcription was initiated by addition of 
50 µM rATP and rUTP for 10 minutes. The sequence of this template is U10 A11C12, hence 
elongation past +11A would require misincorporation of either rUTP or rATP. Note that this assay 
does not distinguish which of these two nucleotides is misincorporated. 
As shown in figure 2, in the absence of Nun, 70% of TEC arrested at +11A, the site of the 
last correctly incorporated rNTP (lane 2). The remaining 30% of TEC elongated past +11A  (i.e. 
those that misincorporated to reach +12) and arrested at either +12 (15%), +13 (10%), or +14 
(5%) (figure 2, lane 2). Nun reduced the percentage of TEC halted at +11A from 70% to 50% 
(figure 2, lane 3). The remaining 50% completely arrested at the +12 position. These results were 
consistent across three experiments. We thus conclude that Nun promoted misincorporation to 
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+12, decreasing the fraction of TEC at +11A by 20%, while inhibiting further elongation past +12. 
Note that Nun arrest of +12 was not dependent upon incorporation of rCTP; misincorporation did 
not inhibit arrest.  
We next asked if Nun promoted misincorporation at other sites. For this, we again initiated 
transcription from TEC10U10, using 50 µM rCTP and rUTP. Transcription to +12 now requires a 
misincorporation event from +10U to  +11.  As figure 3 clearly shows, there was almost no 
transcription beyond +10U, indicating that misincorporation from this site was strongly disfavored, 
as expected for a transversion event (figure 3, lane 2). In the presence of Nun, however, 
approximately 50% of TEC read through to +12 (figure 3, lane 3). This result suggests that Nun 
strongly enhances misincorporation of either C or U during bond formation from +10U to +11. It is 
plausible that this may be a result of catalytic activation of +10U by Nun, perhaps due to 
stabilization of a post-translocated state.   
To determine whether Nun catalytically activates pre-formed TEC10U10 in the presence of 
the cognate rNTP, we performed transcription assays under stringent conditions of low rNTP 
concentration (5µM), and a short incubation time (5”). In the absence of Nun, 35% of TEC10U10 
remained unelongated (figure 4, lane 2). Nun almost eliminated this paused species (figure 4, 
compare lanes 2 and 3). Activation of +10U is presumably the cause of the Nun-induced increase 
in misincorporation at this site. This result is surprising, since Nun also pauses at the +10U 
position when transcription is initiated from +9G. How Nun can simultaneously activate and pause 
transcription at the same site shall be addressed in the discussion.  
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Figure 1: Effect of Mn2+ on Nun Arrest 
Transcription elongation complexes were assembled from a normal 65-mer template DNA 
(65U10) hybridized to a 5’ P32 9-mer RNA with a 3’ end corresponding to the +9G position 
(TEC9G9). Prior to elution, ni-nta immobilized TEC was washed with TB40 transcription buffer 
containing either 5mM Mg2+ with or without 0.5mM Mn2+, and eluted in the same buffer as the 
wash step. TEC9G9 was preincubated with 5 µM Nun or comparable volume Nun storage 
buffer(10’) before transcription was initiated by addition of 1mM rNTPs for 1’ and then stopped 
with equal volume 2X Loading Buffer. +12C and is indicated by arrows. Run-off is depicted in a 
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Figure 2: Nun Promotes Misincorporationat +12 Position 
Transcription elongation complexes were assembled from a normal 65-mer template DNA 
(65U10) hybridized to a 5’ P32 9-mer RNA with a 3’ end corresponding to the +9G position 
(TEC9G9). TEC10U10 was then formed by the addition of  50 µM rUTP, 1’, then excess rUTP was 
was washed off before the complex was eluted and incubated with  5µM Nun or comparable 
volume Nun Storage Buffer (10’).Transcription was initiated with 50µM rCTP+rUTP,, a 
combination that would promote misincorporation at the +11 position (again, the sequence is 
U10A11C12). Reactions were then stopped after 10’ with equal volume 2X Loading Buffer. +12C 
and +10U are indicated. Note that incorporation to +12 is dependent upon misincorporation.  
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Figure 3: Nun Promotes Misincorporation at +11 Position 
Transcription elongation complexes were assembled from a normal 65-mer template DNA 
(65U10) hybridized to a 5’ P32 9-mer RNA with a 3’ end corresponding to the +9G position 
(TEC9G9). TEC10U10 was then formed by the addition of 50 µM rUTP, 1’, then excess rUTP was 
was washed off before the complex was eluted and incubated with  5µM Nun or comparable 
volume Nun Storage Buffer (10’). Transcription was initiated with 50µM rCTP+rUTP,, a 
combination that would promote misincorporation at the +11 position (again, the sequence is 
U10A11C12). Reactions were then stopped after 10’ with equal volume 2X Loading Buffer. +12C 










Figure 4: Nun Activates Pre-formed TEC10U10 
Transcription elongation complexes were assembled from a normal 65-mer template DNA 
(65U10) hybridized to a 5’ P32 9-mer RNA with a 3’ end corresponding to the +9G position 
(TEC9G9). TEC10U10 was then formed by the addition of  50 µM rUTP, 1’, then excess rUTP was 
was washed off before the complex was eluted and incubated with  5µM Nun or comparable 
volume Nun Storage Buffer (10’). Transcription was initiated with 5µM all 4 NTPs. Reactions were 
then stopped after 5” with equal volume 2X Loading Buffer. +12C and +10U are indicated. 
 
	  




Mechanism of Nun Transcription Pausing, Arrest and Activation  
 Using a synthetic transcription elongation complex assembly system, we were able to 
dissect the key requirements for three Nun activities: transcription pausing, arrest, and activation. 
We have related our findings to a direct effect of Nun on translocation equilibrium. Specifically, we 
propose a mechanism for Nun arrest in which simultaneous interactions of Nun with RNAP at the 
upstream end of the RNA-DNA hybrid and upstream template DNA stabilizes TEC via a protein 
tether established at the 5’ end the RNA-DNA hybrid, interfering with both forward and backward 
movement of TEC. Anchoring the post-translocated state increases the catalytic activity of RNAP 
by inhibiting regression to an inactive pre-translocated state. Conversely, anchoring the pre-
translocated complex leads to catalytic inactivation by preventing transition to the active post-
translocated state. We attribute the distinction between pausing and arrest to quantitative 
differences between catalytic and translocation rates at each template position. We suggest this 
mechanism is directly related to Nun interaction with template DNA -8 and -9 upstream to the 
active center, and that Nun requires RNA at least -9 nt relative to the site of arrest. Thus, Nun is 
the first example of a transcription factor interacting at a significant distance from the active 
center that can both activate and arrest transcription by the same mechanism: stabilization of the 
antagonistic catalytic states of the ternary elongation complex. 
Nun Arrest in the Absence of λ Sequence 
 At endogenous protein levels, the only known biological function of Nun is to induce 
arrest of RNAP on the nascent transcript of competing phage λ. Arrest is dependent upon binding 
the boxB RNA stem-loop in vivo. Nun arrest on a pL-nutL template in a promoter-based in vitro 
transcription system is enhanced by the presence of boxB, but boxB is not obligatory . We 
therefore sought to study Nun arrest in a simpler system, unrelated to λ, to identify the general 
underlying biochemical mechanisms by which Nun affects transcription elongation. This approach 
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is also justified by the fact that Nun arrests RNAP in different locations of bacterial chromosome 
lacking BoxB sequence (Uc Mass et al, 2008). In Chapter 2, we found that on a particular 
transcription elongation template carrying a 9-nt RNA primer, Nun induced pausing and arrest at 
two specific sites after addition of 1-nt and 3-nt to the primer, respectively. We designated those 
sites +10U and +12C, respectively. We also identified a site, +11A, at which Nun activates RNA 
synthesis. 
RNA Requirements 
 Since the in vivo Nun ligand is an RNA stem-loop structure located upstream from the 
regular 8-9-bp RNA-DNA hybrid in TEC, we thought that Nun might require single-stranded RNA 
upstream from the hybrid for arrest. Specifically, we asked if the reason arrest occurred at +12C 
was that a minimum length of 12-nt RNA was required for Nun activity. We use the following 
nomenclature to describe the primer RNAs in this study. The first number in the primer’s name 
indicates its length, the letter indicates an NMP at the 3’-end of the primer, and the subscript 
denotes the distance of the RNA 3’ to the template thymine paired with the 5’ end of the primer 
labeled at +1 position. For example, TEC9G has is a 9-nt RNA primer, with a 3’ end (G) 9-nt 
downstream of the +1 thymine. In Chapter 2 we found that a 12-nt RNA is not sufficient for 
optimal arrest. Whereas TEC11A11 which carries an 11-nt primer, was arrested efficiently (90%) 
by Nun at the +12C position, a TEC assembled with a 12-mer RNA having only 8-nt of 
complementary sequence (TEC11A11 5’ Mismatch) was poorly arrested at +12C (15%). A new 
arrest site emerged for this complex at position +14C. A TEC with only an 8-nt primer (TEC8A11) 
showed the same arrest pattern as did the TEC11A11 5’ Mismatch. Finally, reducing the primer 
RNA length to 7-nt of the 3’ proximal sequence entirely abolished Nun arrest. We conclude that 
Nun requires at least 9-nt of complementary RNA for optimal arrest at +12C. Additionally, the 
position of the 9-nt primer is important. Though arrest occurred at +12C with TEC9G9, TEC9U10, 
and TEC9A11, no arrest could be seen when the starting complex was TEC9C12, where the 3’-end 
of the primer was at template site +12. Note that TEC12C12 arrested with 90% efficiency at +12. 
Thus we conclude that Nun requires upstream complementary RNA for optimal arrest.  
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 Notably, when arrest at +12C was reduced or eliminated by hybrid shortening at the 5’ 
end, a new arrest site emerged for these complexes at position +14C. This pattern strongly 
indicated that the ability of Nun to arrest TEC was fully restored after RNAP regained the ability to 
form RNA-DNA base pair at -9 position of the hybrid by moving away from the mismatched 5’ end 
of the primer. 
DNA Requirements 
 Our evidence indicates that Nun requires a 9-nt RNA-DNA hybrid for optimal arrest at 
+12C. Consequentially, we found in Chapter 3 that abasic sites in the template DNA within the 
hybrid reduce or eliminate Nun induced pausing and/or arrest of TEC9G9. Interestingly, locked 
nucleic acid (LNA) modifications, which promote A-form DNA and strengthen RNA-DNA bonds, 
also reduced Nun pausing and/or arrest of TEC9G9, without affecting transcription elongation in 
the absence of Nun. This data suggests that not only does Nun require a 9-nt hybrid, but that 
perturbations to hybrid structure also inhibit Nun arrest. This may be because Nun must interact 
with and possibly intercalate into the hybrid, and LNA alters the structure of the RNA-DNA bonds. 
We shall discuss the fluctuations in hybrid length along with the concept of Nun jamming 
translocation in our model .  
 Abasic sites at the -8 position inhibited arrest of TEC8A11, This is not surprising; we 
showed in Chapter 2 that Nun does not arrest a complex with a 7-nt RNA-DNA hybrid. Notably, 
both abasic substitutions at -9 and -11, which are upstream to the hybrid, also inhibited Nun 
arrest of TEC8A11. In contrast, a -10 abasic substitution enhanced Nun function, converting the 
pause at +12C into an arrest site with 65% efficiency. These results suggest that, while -9 and -
11 abasic sites are necessary for Nun arrest, the base at -10 inhibits Nun. This mechanism might 
be related to competition between alternative base stacking structures. We suggest that a model 
by which Nun stacking of the -9 and -11 bases in template DNA facilitates Nun arrest.  Stacking 
of the -10 base with either the -9 or  -11 base would inhibit Nun, whereas removal of the -10 base 
would enhance Nun arrest. A structural model of the RNA-DNA architecture at the upstream end 
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of transcription bubble in TEC is fully consistent with our model of Nun action on the hybrid 
(Cramer et al, 2001; Vassylev et al, 2002). 
  We next tested the effect of abasic template DNA substitutions on Nun arrest of 
TEC9A11. Arrest was almost completely inhibited by abasic substitutions at -8 and -9. This is 
unsurprising, for as we had discussed above, the ability to form a 9-bp hybrid is mandatory for 
Nun arrest. A -10 abasic substitution template neither inhibited nor enhanced Nun arrest of 
TEC9A11. However, a -11 abasic substitution did reduce the efficacy of Nun arrest, indicating the 
importance of this base even for a complex which is strongly arrested by Nun. It appears that 
changes to the register -8 to -11 relative to the active site had the most significant effects on Nun 
arrest of all sequences we examined. We showed in Chapter 2 that sequence changes 2-nt 
upstream to the hybrid 5’ or 2-nt downstream to the primary Nun arrest site had no effect on the 
efficacy or location of arrest. We also showed in Chapter 2 that, unlike transversion substitutions 
at the +12 site, which had no effect on the efficiency of arrest, substitutions immediately proximal 
or distal to the site impaired Nun arrest. Specifically, an A->U transversion at either the +11 or 
+13 sites reduced the efficiency of Nun arrest. This is most likely due to a change in the intrinsic 
catalytic activity of RNAP at this sequence, since purine-pyrimidine and pyrimidine-purine 
junctures specify intrinsic pause sites (Kireeva and Kashlev, 2009). Intuitively, TECs with reduced 
catalytic activity due to the unfavorable 3’-proximal DNA sequence should positively contribute to 
arrest efficiency. 
Nun Interacts with Upstream Transcription Bubble 
 Previous work from our laboratory suggested that the Nun CTD interacts with dsDNA 8-nt 
to 9-nt downstream to the RNA 3’ terminus. It was suggested that Nun intercalates into dsDNA 
and base stacks via its penultimate tryptophan. Our evidence on DNA and RNA indicates that 
Nun makes important interactions at or near the 5’ end of the RNA:DNA hybrid. We demonstrated 
In Chapter 2 that Nun creates a transient obstacle to EXO III digestion 4- to 7-nt upstream to the 
rear end of RNAP, which resolves into a characteristic Nun toeprint 1-nt to 2-nt upstream to the 
pre-translocated boundary of TEC11A11 and TEC12C12 , respectively. This proximal Nun toeprint 
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is established in TEC11A11 and remains stationary upon limited RNA synthesis to +12C. When 
complementary RNA is shortened to 8-nt, as is the case with TEC8A11 and TEC11A11 5’ 
Mismatch, arrest at +12C is significantly weakened, yet Nun still induces the stable toeprint on 
these complexes. The toeprint in these cases, however, was lost upon synthesis to +12C.  
 An rpoC mutation in an amino acid near the -8/-9 RNA (β’ R322H) inhibits Nun arrest, 
and also abolishes the upstream Nun toeprint. The Nun toeprint is also absent when a non-
functional Nun mutant (K106/107A) is used. Though this data suggest a correlation between Nun 
function and the formation of the toeprint, this is not always the case. TEC8A11 assembled on a -
11 abasic template demonstrated a clear Nun toeprint (Chapter 3), despite weakened arrest.  
 We cannot say at this point whether the Nun toeprint represents a direct physical barrier 
to EXO III digestion (via stearic interference) or whether Nun contorts upstream DNA to hinder 
progressive digestion by the nuclease. In summary, our data do argue that the upstream end of 
the transcription bubble plays a critical role for Nun arrest.  
E.coli Host Factors and Nun Arrest 
 In the interest of drawing parallels between our assembly system and the original 
promoter based l pL-nutL system, we studied the effect of Nus and Gre factors on Nun arrest. 
Whereas NusA was inhibitory in the promoter system, it did not affect Nun arrest at +12C in our 
assembly system. It was previously suggested that the NusA Acid-Rich Region 1 (AR1) binds the 
19 C-terminal Nun residues. This interaction was presumed to both facilitate Nun binding of l Nut 
RNA while inhibiting interaction of the Nun CTD with dsDNA. Since NusA had no inhibitory effect 
on Nun in our system, we reason that NusA inhibition of Nun is strictly related to its ability to bind l 
nut RNA.  
 EMSA results showed that NusA and Nun both bind to RNAP core enzyme even in the 
absence of the DNA and nascent RNA (M. Kashlev, personal communication). It is conceivable 
that binding to RNAP enables the AR1 motif of NusA to interact with Nun. It is also possible that 
this interaction in the context of the ternary transcription elongation complex may require nascent 
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RNA substantially longer than was used in the present study (>12-14 nts), or specifically nut 
RNA. In this case, the inhibitory effect of NusA on arrest by Nun should be re-tested with TECs 
containing long transcripts with and without BoxB sequence. This analysis remains beyond the 
scope of this work.  
 We expected NusG inhibition of Nun to be template-independent, since NusG  
accelerates transcription elongation on any template, and this activity might antagonize Nun 
arrest. Surprisingly, we found that NusG itself promotes arrest on our sequences at the +11A, 
+12C and +13A positions, and that this arrest is enhanced by certain abasic substitutions in non-
template strand DNA. NusG partially inhibited Nun arrest at +12C, but to a lesser extent than that 
reported in the l pL-nutL promoter-based system. No inhibition of Nun arrest by NusG was seen 
when -11 abasic non-template DNA was used. The -11 site is a putative interaction site for NusG, 
thus modification at this site may reduce the ability of NusG to interact with TEC (Sevostyanova 
and Artsimovitch, 2010). 
 NusG has been proposed to stimulate forward translocation of RNAP by interaction with 
the non-template DNA strand (Herbert et al, 2010). We speculate that the observed inhibition of 
arrest at +12C site might derive from NusG shifting translocation equilibrium in the previous +11 
position to the more pre-translocated state by interaction with the non-template DNA strand. This 
shift may explain pausing of TEC11A11 by NusG. This resetting of translocation equilibrium at +11 
position should reduce the ability of Nun to interact with the post-translocated state of TEC11A11, 
ultimately leading to reduced arrest after CMP incorporation to this complex (+12C). Although this 
subject requires more investigation, our data suggest that, similarly to Nun, NusG has a capacity 
to switch between transcription activation and repression modes depending on sequence context. 
 We also found that GreB-induced transcript cleavage of TEC12C12 was inhibited by Nun, 
but the reciprocal was not true: GreB did not block Nun arrest at +12C. The scaffold system thus 
differs from the l pL-nutL system, in which GreB acted on backtracked TECs in the presence or 
absence of Nun. We reason that Nun stabilizes an intrinsic translocation state of RNAP. We 
suggest that the sites that were previously studied in the promoter-based system were heavily 
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biased towards a backtracked state, whereas +12C is primarily pre-translocated. The evidence 
that +12C is primarily pre-translocated comes from both EXO III toeprinting, which showed no 
backtracked TEC12C12, and from the fact that TEC12C12 was highly sensitive to 
pyrophosphorolysis.   
     We propose that Nun stabilizes RNAP in either post-translocated,  pre-translocated or 
backtracked states, depending on the intrinsic translocation bias at that site. This facilitates or 
inhibits Gre-mediated transcript cleavage, depending on the site of arrest. The effect of Nun on 
stabilization of the backtracked state requires further investigation with TECs more prone to 
backtracking than those used in our work. The idea of Nun stabilization of translocation will be 
discussed in the model presented below.  
Nun As a Transcription Activator 
 In Chapter 2, we demonstrated by front-end toeprinting that Nun stabilizes the post-
translocated state of TEC11A11. We also found that Nun protects this complex from 
pyrophosphorolysis. Furthermore, pre-steady state studies indicated that Nun does indeed 
increase the rate of +11A->+12C bond formation, and that this increase is directly related to a 
faster rate of rNTP sequestration. We showed In Chapter 4 that Nun also increases the amount of 
misincorporation from +11A. We argue that all of these effects are due to Nun stabilization of the 
post-translocated state of TEC11A11. The increased misincorporation at +12 position raises an 
attractive possibility that stabilization of the post-translocated state of TEC renders RNAP error-
prone by increasing dwell-time of an incorrect NTP substrate in the active center of the post-
translocated complex. In this view, pre-translocation should be considered as a proofreading step 
removing the incorrect NTP from the active center prior to the bond formation. Alternatively, the 
increased mis-incorporation in TEC11A11 may simply result from the increased catalytic activity of 
RNAP in the presence of Nun, which should equally increase both the correct and the incorrect 
NMP incorporation (with net zero effect on fidelity). Finally, it has been proposed by others that 
NTPs can bind to a special substrate pre-sorting site in the pre-translocated TEC not overlapping 
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with the active site (Nedialkov et al, 2003; Holmes and Erie 2003).  Therefore, elimination of pre-
translocated state of TEC11A11 by Nun may eliminate the NTP pre-sorting and reduce fidelity. 
     We found that Nun also activates bond formation from +10U-> +11A when rNTPs are limited 
and the reaction time is short (5 µM rNTPs, 5”), as well as increasing misincorporation at this site. 
Note that under our standard transcription conditions (1mM rNTPs, 10” incubation), Nun pauses 
at +10U when transcription is initiated from TEC9G9. This indicates that Nun can both pause and 
arrest at the same site depending on which translocation state it stabilizes, a concept that will be 
discussed in the model.  
Effect of Mg2+ and Mn2+ on Nun Arrest  
 We showed that both low concentrations of manganese and high concentrations of 
magnesium inhibit Nun arrest and pausing.  Either condition could alter the structure/configuration 
of the RNA-DNA hybrid,the active center in RNAP, or the strength of RNAP interaction with the 
nucleic acids. We do not know the translocation phenotype of RNAP under these conditions, but 
it is conceivable that either could change the translocation equilibrium in a way yet to be 
identified. A complete Inhibition of Exo III activity by withdrawal of Mg2+ or its replacement for 
Mn2+ prohibited testing the effect of these conditions on RNAP translocation. 
Model 
 Our data argue strongly that Nun stabilizes translocation state by inhibiting lateral mobility 
of TEC on DNA via an interaction with the transcription elongation complex at or near the 
upstream end of the RNA-DNA hybrid. We suggest that Nun locks RNAP into a particular 
translocation state by direct interaction with and stabilization of the RNA-DNA hybrid, and the 
subsequent action of Nun - activation, pausing or arrest - are solely dependent upon the intrinsic 
translocation bias and catalytic activity of TEC at that site. Thus, Nun seems to “freeze” 
translocation equilibrium without shifting it to either direction. In that sense, Nun represents an 
ideal instrument to probe translocation equilibrium in TECs and its dependence on the DNA and 
RNA sequences, which the transcription field has been searching for many years. Our data do 
	  
	   	  
93	  
not entirely exclude the possibility that Nun may interact faster with one of these states, which 
may differ in the structure of the 5’ end of the RNA-DNA hybrid where Nun interacts. 
 The Brownian Ratchet model of translocation stipulates that at any particular site, 
stationary RNAP rapidly equilibrates between the two catalytically antagonistic pre- and post-
translocated states separated by a low energy barrier, and that occupancy ratio of this equilibrium 
is unique to each sequence. Diffusion of an incoming rNTP to the empty active center in the post-
translocated state acts as a pawl preventing RNAP sliding back to the pre-translocated state. 
Completion of the next bond establishes translocation equilibrium at the next template position. 
TEC at any particular site may be divided into fractions occupying one or the other state. Since 
there may be a population of TEC in the active post-translocated state as well as another in the 
inactive pre-translocated state at each given position at the moment of Nun addition, there is 
potential to activate or arrest RNAP at any site by stabilizing either population.  
 Our data indicate that that Nun can act upon either state and can thus promote or inhibit 
catalysis at the same site, as is evidenced by the example of TEC10U10 (figure 1). When Nun 
locks TEC in the post-translocated state, as it does with TEC11A11, it promotes rNTP 
binding/bond formation by preventing the active site occlusion after reverse translocation to the 
pre-translocated state. Conversely, locking in the catalytically inactive pre-translocated state 
causes active site occlusion with the 3’ end of the RNA, thus leading to pausing or arrest. 
 In the case of TEC12C12, RNAP at this site dwells primarily in the pre-translocated state. 
We suggest that Nun locks RNAP into this state and prevents forward movement to a post-
translocated state (figure 2).  
 The structure and composition of the RNA-DNA hybrid and the nature of the 3’ RNA-DNA 
base pair have both been implicated as the major sources of translocation delay (Kashkina et al, 
2006; Hein et al, 2011; Bochkareva et al 2011). Delayed translocation was proposed to constitute 
a mechanism for ubiquitous short-lived transcription pauses occurring every ~50-100 base pairs 
of DNA, as detected in single molecule experiments and in bulk transcription (Zhou et al, 2011; 
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Larson et al, 2012). A good match of this frequency with the location of Nun arrest sites for Nun in 
λ DNA suggests that pre-translocation pauses are the major targets for Nun. We propose that the 
distinction between arrest and pausing lies in the intrinsic catalytic rate of RNAP at a given site. 
Nun may induce pausing when forward translocation is delayed, but will only arrest when such 
delay is coupled with a slow intrinsic rate of catalysis. The rate of catalysis itself is not entirely 
dependent upon the rate of forward translocation and consequential rNTP sequestration. 
Alignment of the 3’ end of RNA with the incoming rNTP is also a major contributing factor to the 
rate of chemistry (Kireeva and Kashlev, 2009). Therefore it is possible for TEC at any particular 
site to have a slow rate of forward translocation, but a fast rate of bond addition after such 
translocation has occurred. We propose that +10U is such a site, which is why it is paused, rather 
than arrested by Nun. On the other hand, we suggest that +12C has both a slow transition to a 
post translocated state and a slow rate of catalysis due to the sequence of the RNA 3’ at this site. 
The combination of these two factors renders +12C an arrest, rather than a pause site.  
 We also suggest that, as RNAP translocates forward along DNA, Nun rapidly probes the 
translocation equilibrium at each template position before RNAP moves to the next position. Each 
forward translocation disrupts a single RNA-DNA base pair at the 5’ end of the 9-bp hybrid by 
transferring the RNA residue to the single-strand RNA-binding site in the enzyme (Korzheva et al, 
2000; Vassylev et al, 2007). As a result, the hybrid fluctuates between the 9- and 8-bp length 
during each translocation cycle. This process of hybrid melting and re-annealing disturbs the Nun 
blockade, which requires the -9 base pair of the hybrid, thereby compelling Nun to re-establish a 
new interaction site at every position. 
 Our model explains a remarkable ability of Nun to switch between activation and 
inhibition of bond formation not only for the two adjacent sites, but also for the same site on a 
particular template. This phenomenon was observed for +10U site, where Nun acted as an 
activator or inhibitor depending on the transcription start site and conditions of transcription. 
Similarly, Nun caused pausing rather than activation at +11A site when transcription was started 
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from +9G site at low rNTP concentrations (data not shown). Note, that Nun activated the pre-
formed TEC11A11.  
 It is important to note that if Nun is to act in stabilizing translocation state of TEC, the 
dwell time of the corresponding translocation state should be sufficiently long for Nun to bind the 
hybrid before translocation. Therefore, TECs with rapid translocation in both directions and those 
exhibiting short-lived translocation states should be intrinsically resistant to Nun.  
Future Directions 
Structural Identification of the Nun Binding Interface 
 Our biochemical evidence suggests that Nun acts at the upstream edge of the 
transcription bubble to both positively and negatively regulate transcription by inhibiting lateral 
mobility of RNAP. We suggest that the point of this interaction is with the lid and rudder of the β’ 
subunit. We would like to visualize this interaction with a structure of the Nun/TEC complex. We 
would utlize a method known as Small Angle X-ray Scattering (SAXS). The advantage of this 
technique over traditional methods for determining structure, such as crystallography, is that it 
allows macromolecular structures to be determined in solution, therefore the necessity to obtain 
defractable crystals is circumvented. Another major advantage of this method is that, unlike 
crystallography, results can be obtained as quickly as a few days. Finally, preliminary evidence 
on domains of Nun suggest that it is intrinsically disordered (Chattopadhyay, 19951). Though this 
would be a limitation for crystallography, it is not for SAXS.  
 A second technique we would utilize is to study the physical interaction between Nun and 
the transcription elongation complex via chemical cross-linking and subsequent analysis of cross-
linked products via mass spectrometry (MS). Such analysis involves formation of covalent bonds 
between proteins so that the interaction between amino acid residues close in space is 
preserved. The complex is subsequently subjected to proteolytic cleavage, purified through SDS-
PAGE and the proteolyzed products are analyzed by MS.  
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Surveying The Effect of Nun on Translocation  
 We have shown that Nun activates transcription at a site where RNAP preferentially 
dwells in the post-translocated state, while arresting or pausing transcription at sites where the 
pre-translocated state is favored. We would like to determine whether this is a universal 
mechanism by making sequence substitutions to alter the intrinsic translocation bias of RNAP at 
particular sites and determining the consequence of such on Nun activity. We would specifically 
like to determine whether we could identify sequence changes upstream of the +11A activation 
site that would bias RNAP at that site to the pre-translocated state, thereby shifting the action of 
Nun from activation to arrest.  
Dissecting the Mechanism of NusG Transcription Arrest 
 We have demonstrated the first example of E.coli NusG acting to arrest transcription 
(chapter 4, figure 4). Arrest occurred at a single site on the template (+13A). It has been 
suggested that NusG enhances elongation by promoting forward translocation (Herbert et al, 
2010). It is possible that NusG may restrain RNAP lateral mobility equilibirum irrespective of 
intrinsic translocation bias in a manner analogous to Nun action, thereby conversely activating 
and arresting transcription. We would like to determine the efffect of NusG on translocation 
equilibrium at +13A using the same set of techniques developed for studying Nun activity : EXO 
III toeprinting, pre-steady state kinetic analysis of bond formation and pyrophosphate sensitivity. 
  In vivo, Nun requires NusG for optimal arrest at nutR. We would like to determine 
whether other NusG arrest sites exist on a λ template, and, if so, whether there is overlap with the 
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Figure 1: Nun Can Both Activate and Inhibit Bond Formation at The Same Site 
Top Panel: TEC10U10 is an example of a TEC both activated and arrested by Nun. TEC is 
ratcheting between the pre-translocated (inactive) and post-translocated (active) states.  At any 
given point, a certain fraction of TEC occupies each state with a defined rate of exchange 
between these states (top panel). Nun stabilizes each population in their respective states by 
interacting with the 5’ RNA-DNA hybrid, and prohibits or slows down transition to the opposite 
state (middle panel). By stabilizing TEC in a pre-translocated state, Nun can pause or arrest; by 
stabilizing TEC in the post-translocated state, Nun activates bond formation by preventing the 
TEC return to the inactive pre-translocated state (lower panel) 
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Figure 2: Nun Switches from Activation to Inhibition Mode at Two Adjacent Sites  
Schematic of Nun interaction with the upstream end of the RNA-DNA hybrid in TEC and 
subsequent effect on the active site. Nun interaction with the post-translocated 8-bp RNA-DNA 
hybrid in TEC11A11 hinders Brownian ratcheting of RNAP back to the pre-translocated state, 
thereby rendering the active site permanently vacant and ready to bind the next rNTP (top panel). 
This stabilization facilitates the rNTP binding and bond formation in TEC11A11 by prohibiting the 
pre-translocated state. Thus, TEC11A11 is able to form a single bond by incorporation of CMP to 
form TEC12C12. Because the TEC remains stationary during the bond formation, the RNA-DNA 
hybrid becomes 9-bp long in TEC12C12. TEC12C12 occupies a pre-translocated state after the 
bond formation. Because the pre-translocated TEC12C12 remains stabilized by Nun in the pre-
translocated state, the RNA 3’ is locked into the active center (i+1 site) preventing the next rNTP 
binding. This leads to a stable arrest of TEC12C12. Nun may also inhibit the RNA-DNA hybrid 
melting at the 5’ end, which may additionally stabilize the pre-translocated state of this complex. 
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Materials and Methods 
Radiolabeling RNA/DNA oligos 
 Transcription elongation complexes were assembled from commercially synthesized 
oligos as described (Komissarova et al, 2003; Sidorenkov et al, 1998).  PAGE purified DNA oligos 
and/or HPLC purified RNA oligos were obtained from Integrated DNA Technology. LNA modified 
oligos were obtained from Exiqon, inc. RNA and/or DNA was  5’ radio labeled. A standard 10 µl 
reaction containined TB40 transcription buffer (20 mM Tris-HCl [pH 7.9], 40 mM KCl, and 5 mM 
MgCl2), 1.75 µM RNA or DNA,1.75 µM ϒP32 ATP (7000 Ci/mmol, MP Biomedicals), and 5 units 
T4 Polynucleotide Kinase (T4 PNK, New England Biolabs). Reactions were incubated 15 minutes 
at 37 C◦,  before T4 PNK was inactivated by increasing temperature to 65 C◦ for an additional 10 
minutes. RNA and template DNA were then annealed by incubating for 5 minutes at 45 C◦, then 
cooled to 25 C◦ at 2 C◦/ minute increments. Excess ϒP32 ATP was then removed from the 
reaction using a Nucleotide Extraction Kit (Qiagen, inc) and purified hybrids were eluted in 50 µl 
TB40 + 0.2mg/ML acetylated BSA (Sigma-Aldrich). For front-end toeprinting experiments, non-
template DNA was radiolabled and purified as described above.  
Transcription Elongation Complex Assembly on Ni-NTA agarose beads 
 To form transcription elongation complexes (TECs), 50 µl Ni-NTA agarose slurry (Qiagen, 
inc) was equilibrated with two 1-ml washes of TB40 transcription buffer. To that, 5.5 pmol of 
purified RNA-DNA hybrid and  5 pmol His6- tagged E.coli RNAP holoenzyme were added. 
Hybrid/RNAP/Ni-NTA slurry was incubated, shaking, at room temperature, for 15 minutes, before 
30 pmol Non-template DNA was added for an additional 15 minutes. The resulting TECs were 
then washed with high salt transcription buffer, TB1000 (20 mM Tris-HCl [pH 7.9], 1M KCl, and 5 
mM MgCl2), for 5 minutes at room temperature. TECs were then washed again, thrice, with 1-ML 
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Elution of TECs from Ni-NTA 
 TECs were eluted from Ni-NTA beads by addition of 100 mM imidazole (Sigma-Aldrich) 
and 0.2 mg/ml acetylated BSA in TB40 transcription buffer for 10 minutes, shaking at room 
temperature. Eluted complex was seperated from Ni-NTA resin with Ultrafree-MC 0.45-µm 
centrifugal filters (Millipore, Billerica, MA). Eluted TEC was used immediately for experiments.  
Transcription Elongation and Transcription Arrest Assays 
 For the standard transcription reactions, 10 µl eluted TEC was incubated at 25 C◦ with 5 
µM Nun or comparable volume Nun storage buffer (50mM Na-Phosphate, pH=7, 200 mM NaCl2 , 
10% glycerol) before transcription was initiated by addition of 1mM rNTPs  (Sigma-Aldrich) for 30 
seconds or 1 minute and then stopped with equal volume 2X Loading Buffer (7 M urea, 100 mM 
EDTA, 0.025% bromphenol blue, and xylene cyanol).  Modifications on this basic protocol were 
noted in the text. RNA products were resolved on a 23% acrylamide (Sigma-Aldrich)/7M Urea 
(Promega) and visualized with a Typhoon 8600 phosphorimager (Amersham Pharmacia Biotech, 
Piscataway, NJ), and quantified using ImageQuant software (Molecular Dynamics, part of 
Amersham Pharmacia Biotech, Piscataway, NJ). 
Exonuclease III (EXO III) Toeprinting 
 Prior to EXO III treatment, each TEC was incubated +/- Nun or comparable volume Nun 
storage buffer, 5 min, before equal volume TB40 + 0.2mg/ML acetylated BSA +EXO III 
(Promega) was added. The final volume of EXO III was 5 units /reaction. Reactions were stopped 
with equal volume 2X Loading Buffer. Unidirectional cleavage was achieved by introduction of a 
phosphothioate bond to the 3’ end of template or non-template DNA. DNA products were 
resolved on a 11.5% acrylamide (Sigma-Aldrich)/7M Urea (Promega) and visualized with a 
Typhoon 8600 phosphorimager (Amersham Pharmacia Biotech, Piscataway, NJ), and quantified 










Appendix 2: NusG Stabilizes the Pre-translocation State of TEC10U10 
Upstream DNA was unidirectionally digested with Exonuclease III (EXO III) to the rear end 
boundary of TEC10U10. Prior to EXO III treatment, each TEC was incubated +/- 200 nM NusG 
(5’), before 5 units EXO III was added to each reaction.  2 time points (20” and 40”) are depicted. 
The pre-translocated boundary of TEC10U10 is indicated by the schematic. Percentage of 
TEC10U10 at the pre-translocated boundary in the presence and absence of NusG is shown at 
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